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This dissertation presents numerical and experimental results on the effects of Personal Cooling 
Devices (PCDs) on the energy consumption of buildings and the thermal comfort of occupants. 
The objective of this analysis was to quantify the tradeoffs of thermal comfort and energy savings 
associated with PCD technology. Furthermore, this investigation included an electrical cost 
analysis associated with PCDs at the building level for different cities across the United States. 
The results of energy and cost analyses, at the building level, indicated the potential for cooling 
energy and cost savings associated with shifting the electricity consumption during the peak hours 
to the off-peak hours of the day. The numerical analysis of human thermal comfort demonstrated 
the potential for PCDs to regulate human thermal comfort at warm environmental conditions. The 
thermal comfort level achieved in the numerical simulations were within the limits recommended 
by ASHRAE Standard 55. In addition, the numerical simulations permitted the evaluation of PCD 
performance based on thermal comfort, and the amount of sensible heat remove from the human 
body. The experimental work evaluated the performance of PCDs using both subjective and 
objective measurements of thermal comfort for 14 human subjects. The results demonstrated the 
ability of a PCD to change and maintain acceptable thermal comfort micro-environments for 
 
human subjects under warm conditions. Furthermore, the results showed that a PCD had 
measurable effects on physiological variables that control the thermoregulatory process of the 
human body. Specifically, variables such as skin temperature and heart rate variability in the time 
and frequency domain responded to the micro-environment created by the PCD. This research 
established a relationship between skin temperature, heart rate variability, and thermal comfort.  
Overall, this investigation performed a comprehensive analysis of the interaction of PCDs with: 
building energy consumption, human subjects, and human physiological processes; and 
demonstrated the potential to recognize human subjects’ thermal comfort based on physiological 
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This dissertation presents, in section 1.1, the need to develop a comprehensive analysis, at the 
building level and the occupant level, when introducing PCDs to the building environment. In 
addition, this dissertation introduces the possibility of addressing thermal comfort based on the 
monitoring of physiological variables in a data-driven approach. Section 1.2 presents a summary 
on the potential benefits on adding PCD to the building environment. Section 1.3 establishes the 
impact of occupants on the energy consumption of buildings. Section 1.4 addresses the relationship 
of building energy and occupant’s thermal comfort. Lastly, section 1.5 presents the structure of 
the flowing chapters of this dissertation.  
1.1 Statement of the Problem 
The principal function of buildings is to provide humans with a comfortable working and living 
space and protect them from extreme climate conditions [1]. The build environment has identified 
the priority to provide comfort with minimal energy possible. Currently, in the U.S. buildings 
account for almost 40% of the primary energy consumption [2]. The energy associated to 
conditioning spaces in commercial and residential buildings is 30% and 26%, respectively, of the 
total energy portfolio in each building type [2]. Based on this information, conditioning spaces is 
the major energy load in buildings. However, full occupant satisfaction with the environment is 
seldom achieved [3]. A new generation of distributed Personalized Cooling Devices (PCDs) could 
provide local thermal microenvironments corresponding to actual thermal comfort preferences of 
individual building occupants while reducing the energy load on the building [4][5].Therefore, this 
study explored the energy consequences of adding PCDs at the building level and the thermal 
comfort benefits at the occupant level. While at the building level this dissertation conducted 
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numerical simulation, at the occupant level this dissertation explored numerical simulations and 
experimental work.  
The results of this study could impulse the PCD technology to be utilized in reducing cooling 
energy and adds a method to measure a PCD impact at the building scale and the occupant scale. 
In addition, the methodology used on the comfort evaluation of PCD in this study could potentially 
allow PCD to be driven by individual physiological characteristics and ensure thermal comfort. 
1.2 Building Energy Consumption and Personalized Cooling Device 
The built environment in the U.S. account for almost 40% of the primary energy consumption [2]. 
The energy associated with conditioning spaces in commercial and residential buildings is 30% 
and 26%, respectively, of the total energy in each building type [6]. According to Commercial 
Building Energy Consumption Survey (CBECS) 2012, the amount of energy used for space 
cooling and ventilation increased compared to 2003, as shown in Figure 1. Similarly, in 2015 space 
conditioning, in residential buildings, was 17% of the total electricity consumption [RECS] being 
the largest energy demand in the residential electrical portfolio. Specifically, the intense energy 
demand associated to cooling spaces is likely to increase as a consequence of the warmer 
temperatures due to global warming [7]. Even though buildings allocate a major portion of energy 
for space conditioning, indoor occupants’ thermal satisfaction is seldom achieved. Therefore, an 
approach to the reduce the energy demand of space conditioning must include tradeoffs between 
energy reduction and thermal comfort of occupants in buildings. Particularly, the reduction of 
space cooling could be approached by using PCDs to condition a targeted small volume instead of 
the entire volume of the room as it is traditionally done. Besides the potential energy savings, 
PCDs have been associated with electricity peak load shifting, higher thermal comfort, and 
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occupant productivity [5][8]. Therefore, introducing PCD technology to the building environment 
has quantifiable energy and comfort benefits.  
 
 
Figure 1- 1 End Use Energy Distribution in Commercial Buildings in 2003 and 2012 
 
1.3 Occupants as Energy Consumption Drivers in the Building Environment 
The prediction of energy demand in new and old buildings is a common practice in the building 
sector. The factors that influence energy consumption in buildings are: thermo-physical properties 
of the building structure, outdoor environment, mechanical systems such as Heating Ventilation 
and Air Conditioning System (HVAC) or lighting system, and the occupant behavior [9][10]. 
Multiple studies report that there are major differences between predicted and actual energy 
consumption in buildings [11]–[13]. These studies express that the differences in the predicted and 
actual energy consumption are consequence of the occupant behavior and their thermal 
preferences. According to an experimental investigation, occupant’s behavior and preferences 
could influence the energy up to a factor of three when compared to a predicted baseline [14].  
Ventilation and cooling increased 
from 2003 and 2012
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The occupant interaction with the building’s mechanical system is driven by their search for 
comfort [15]. However, due to occupants’ fundamental differences such as psychological, 
physiological, behavioral, economical, and adaptiveness, comfort is not a unique or standard 
concept. Occupants have the ability to influence the energy consumption on a building by simply 
opening windows or by using electrical appliances that would disturb the thermal balance of the 
building or increase the electricity load, respectively. Similarly, by manipulating the temperature 
setpoint or turning the air conditioning on and off, to reach thermal comfort, occupants impact the 
energy consumption of the HVAC systems [16]. Particularly, satisfying individual thermal comfort 
in terms of temperature, humidity, and air cleanness regardless of the outdoor weather condition 
commonly places a major energy load on the building.  
1.4 Building Energy and Indoor Thermal Comfort 
The human desire for control over all aspects of our life is not new to the indoor environmental 
spaces. Therefore, building occupants push for more interaction with different building systems 
for health, and comfort purposes [17]. According to a study, occupants interact with building 
systems to obtain appropriate air quality, perfect acoustical conditions, perfect visual and lighting 
conditions, and thermal conditions [18]. Allowing occupants to actively interact with building 
systems to control their comfort highly impact the amount of energy use in the building [19]. A 
study reported that occupants consider thermal comfort of greater importance compared to visual 
and acoustic comfort [20]. Thermal comfort is a state of the mind that depends on environmental, 
physiological, and psychological, which make thermal comfort different for each occupant [18]. 
Outdoor environmental conditions such as temperature, relative humidity, solar radiation, wind 
and rain influence the occupant thermal comfort and energy consumption of the HVAC systems. 
In extreme hot, cold, or humid climates, achieving thermal comfort places an intense energy load 
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in the HVAC system. Therefore, multiple studies explore the effect of increasing the temperature 
setpoint during the summer or implementing a varying temperature setpoint that follows the 
outdoor conditions. However, these energy solutions could negatively impact the thermal comfort 
of occupants. Therefore, identifying the tradeoffs between energy consumption and thermal 
comfort could help implementing different energy savings. A study proposes to monitor occupant 
behavior and occupant interaction with building systems to implement control models that could 
lead to better utilization of energy within the building [21].  
The current industry standard for indoor thermal comfort is based on a heat balance model that 
assumes a consistent response of thermoregulatory system among all occupants. Specifically, 
Fanger’s models intends to allow HVAC engineers to predict whether indoor spaces are would be 
thermally comfort for a large group of people [22]. Certainty this model does not account for 
individual thermal preferences and only allows a narrow temperature range associated with 
comfort, as shown in Figure 1-2. 
Multiple studies suggest that occupant’s different physiological response, specifically in skin 
temperature, heart rate, heart rate variability, and oxygen saturation, are the main cause of different 
thermal comfort criteria among building occupants [23][24]. Therefore, the constant monitoring 
of these physiological variables could lead to understanding of thermal comfort as a function of 
indoor environmental variables, which could push the current operational boundaries 




Figure 1- 2 Definition of the thermal comfort boundaries in the psychrometric 
 
1.5 Structure of This Dissertation Proposal 
Chapter 1 introduces the general information about buildings energy consumption and the effect 
of occupants on the building energy consumption. In addition, it presents information on the 
relationship between thermal comfort and its effect on building’s energy. Chapter 2 presents the 
literature review on significant fields that serve as background information for the development of 
this dissertation. In addition, based on the literature review section this dissertation proposes a 
methodology to address the knowledge gap.  Chapter 3 details the research hypothesis, research 
objectives and research methodology for this dissertation. Chapter 4 provides the methodology 
and results of the effect of PCD at the building level. Chapter 5 discusses the numerical 
methodology and results of the interaction of PCD and the human body. Chapter 6 discusses the 
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results of the experimental work associated with objective 3 and objective 4. Lastly chapter 7 
concludes this dissertation with summary of findings and recommendations for future studies in 


























This chapter describes a detail analysis on PCD technology, the potential energy savings in the 
building sector when using PCD, the analysis of thermal comfort and PCD, and human 
physiological responses to thermal environments. The literature reviewed in this section allowed 
this dissertation to identify quantifiable effects of PCD at the building scale, and at the occupant 
scale, which defines the scope of this dissertation.  Section 2.1 defines and classifies PCD 
technology according to its operational mode. Section 2.2 describes the methodology for potential 
building energy savings when using PCDs. Section 2.3 stablishes the relationship between thermal 
comfort and PCD.  Section 2.4 and section 2.5 shows a numerical and experimental, respectively, 
analysis of the thermal effect of PCD on the human body. Then, section 2.6 presents a 
comprehensive analysis on human body physiological responses to different thermal 
environments. Section 2.7 presents the comparison between two common methods of analysis 
heart rate variability. Lastly, section 2.8 provides an overview of identified gaps that sets the scope 
of this dissertation.  
2.1 Personalized Cooling Devices (PCD) 
PCD are individually controlled air distribution systems aimed to improve the thermal comfort and 
air quality of building occupants [25]. PCD are typically used in addition to the general (HVAC) 
systems in buildings [26]. Yang et al.,[27] separates PCD according to their heat exchange 
mechanisms, phase change materials (PCM), fluid cooled devices (FCDs), and evaporative devices 
(ECDs). The PCM technology provides cooling by absorbing heat, which drives a phase change 
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process of a substance such as frozen water, frozen ice, paraffin wax, etc.  The cooling capacity of 
the PCM depends on the latent heat associated to each substance and the amount of substance 
available. However, cooling devices using PCM technology have been associated with limited 
cooling capacity and low portability [28].  
FCDs technology is based on cooled fluids circulating through a surface and removing heat from 
surfaces (human body) attached to the device. FCDs technology uses a conduction-convection heat 
transfer as the main cooling mechanism since it requires surface contact to provide cooling, 
commonly using a circuit of plastic tubing around the surface. Devices using FCD technology are 
rated with cooling capacities between 600 Watts to 1000 Watts [29]. Lastly ECDs cooling 
technology is based on the latent heat of evaporation of water, 2400 kJ/kg. Commonly, ECDs cools 
air by passing it through completely water-saturated pads enabling air temperature changes and 
moisturizing process [30]. This technology is suitable for hot and dry climates since it moistens 
air to achieve the cooling effect. Table 2-1 shows a summary of the different PCD technologies 
discussed above; in addition, it describes current products that exhibit each technology and its 














Table 2- 1 Summary of personalized pooling device technology and current products available in 
the market 
Technology Product name and product description Price [$] 
PCM 
FlexiFreeze Ice Vest [31] 
Product based on ice as PCM 
99.95 
STACOOL PREMIUM INDUSTRIAL VEST [32] 
Product based on Thermo Packs (material not disclose) 
265.00 
Techkewl Phase Change Hybrid Sport Cooling Vest, 
Silver/white, Small, 6 Per Case TECHNICHE 
INTERNATIONAL 4531-SV-S [33] 




LARGE COOLING VEST [34] 
Product based on water flowing and a pump-cooler (sold 
additional) 
186.31 
Cotton Cool Water Shirt, White, Short Sleeve [35] 
Product based on water flowing and a pump-cooler (sold 
additional) 
159.00 
Comp cooler Backpack ICE Water Cooling System 2017 [36] 




HOLIKE Personal Air Cooler, Portable Mini Air Conditioner 
Humidifier Desktop Evaporative [36] 
29.99 
Portable Evaporative Cooler [37] 
199.00 
NewAir AF-1000B Portable Evaporative Cooler [38] 
175.99 
 
2.2 Personalized Cooling Devices (PCD) and Energy Savings 
In the U.S. the mechanical heating ventilation and air conditioning systems (HVAC) account for 
more than half of the building’s total energy consumption [2]. PCDs have the potential to reduce 
the energy consumption of HVAC systems by reducing the conditioning spaces to specific targets 
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such as the human body [3]. Multiple studies have investigated the potential energy savings 
associated with PCD at the building level using energy simulations [39]–[43]. These studies range 
the potential energy savings between 4 to 60%. According to different studies, it is difficult to 
compare numerical studies because of the different assumptions regarding HVAC equipment, 
climate, schedule of operation, and tools behind each study [3]. Nevertheless, these studies use 
three energy savings approaches when using PCD: 1) Extending the temperature setpoint of the 
space while maintaining thermal comfort with PCD [44]–[47]. 2) Reducing the outdoor airflow 
due to PCD higher ventilation effectiveness, assuming PCD are terminal units with physical access 
to outdoor air such as evaporative cooling PCD [44].  3) Using PCD based on occupant demand 
[26], [48], [49]. The majority of studies available to the researcher report that extending 
temperature setpoints while using PCD is the most viable method to obtain overall energy savings 
[39]–[41], [43][50], [51]. Figure 2-1 shows the energy savings reported in studies that extended 
the temperature setpoints between 2K and 6K. The reported energy savings, in Figure 2.1, ranges 
from 7% to 51%. This large energy savings range could be associated with the assumptions and 
methodology used during the simulation process. Therefore, there is need for standard 
methodologies to follow when evaluating the effect of adding PCD as an active part of the building 
environment. Nevertheless, these studies show the potential energy savings enabled by the 




Figure 2- 1 Reported energy savings associated with literature review on extended temperature 
setpoints while using PCD for thermal comfort 
 
Fewer studies investigate the effect of PCD in the heating mode. According to a study, by 
extending the temperature setpoint by 3K in the heating mode leads to possible energy savings of 
approximately 17% [42]. Based on this literature review, multiple studies investigate the influence 
of PCD in the energy consumption of buildings, but only a limited number of them report the 
energy penalty associated to the operation of PCD in terms of electricity consumption and the 
electricity use of HVAC system [8], [9], [40]. A study shows that the use of PCD in buildings 
might be associated with an energy penalty of 15% in the building electric usage [49]. Therefore, 
there is a need to develop a comprehensive energy analysis that takes into account the overall 
energy associated to all the building components that PCD might impact and create a realistic 
energy savings potential with detail assumptions and descriptive methodology.  
2.3 Personalized Cooling Devices (PCD) and Thermal Comfort 
In the building environment HVAC systems are currently the main method to condition spaces 
and provide comfortable indoor environments [3]. The goal of HVAC systems is to create uniform 


































environments are set based on industry standards such as the American Society of Heating, 
Refrigeration, Air-Conditioning Engineers (ASHRAE 55) [52]. However, in thermal comfort 
survey in 215 offices only 39% of the responders are thermally satisfied in their indoor working 
space [53]. The industry standard to evaluate thermal comfort is the Predictive Mean Vote (PMV) 
model and the Percent People Dissatisfied (PPD) proposed by Fanger et. al [52]. The PMV model 
is a mathematical expression that combines four environmental variables: air temperature, air 
relative humidity, air velocity, and local mean temperature; as well as two human factors such as 
human body heat production, “metabolic rate”, and clothing level. The PMV model uses the 
environmental and the human factors to predict their thermal sensation in a -3 (cold) to 3 (hot) 
scale, as shown in Figure 2-2. The PMV model assumes the same human factors for all occupants 
without considering personal variations [54] In addition, this model ignores physiological 
adaptation of occupants to different environment as well as changes associated with season of the 
year. Therefore, allowing occupants to individually control their space according to their 
individual thermal preferences, could enhance the indoor satisfaction, improve productivity, and 
health [3].  
 
Figure 2- 2 Predicted mean vote model thermal sensation scale 
 
Multiple studies reported that the individual differences between occupants regarding their 
preferred air temperature or air velocity could vary 10C in temperature and differ up to four times 
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thermal preferences, instead they provide static and uniform environments. The need to address 
individual thermal comfort have led to the design and implementation of PCD technology [3]. 
PCD condition a small area around the user Figure 2-3, which improves their thermal comfort and 
perceived air quality [44],[8],[58]–[60]. In addition, PCDs help reducing the lower sick building 
syndrome symptoms (SBS) and enhance occupant’s productivity [44]. The primary application of 
current developing PCD is on cooling effect by air movement in warm environments [8]. 
According to multiple studies, thermal comfort could be maintained at local temperatures up to 30 
°C when using PCD [51], [61], [62]. Melikov et al. claims that PCD associated to air movement 
are not feasible for heating effect due to the possible risk of draft [8]. The performance evaluations 
of PCDs regarding thermal comfort are commonly done using numerical and experimental 
approaches.  
 
Figure 2- 3 PCD and Human Subject Interaction 
 
2.4 Assessment of Thermal Comfort and PCD using Numerical Approaches 
Numerical studies are a less expensive alternative to obtain information about the airflow field and 
air temperature distribution around human body [63], [64]. Researchers use numerical simulations 
tools to optimize the design of PCD and their interaction with the human body within the indoor 
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space [65]. Specially, numerical simulations help to quantify the energy interaction between 
PCD’s air jet and the thermal boundary layer of the human body [66]. In addition, several 
numerical studies focus on the calculation of convective and radiative heat transfer coefficients, 
which in most of the cases are later validate by experimental studies [63], [67]. The validation 
process requires physical measurements of local air temperature, local air velocity, relative 
humidity, and heat flux at different location around a thermal manikin or a human body.  
Numerical investigation of thermal comfort generally coupled computational fluid dynamics 
(CFD) and thermoregulation models [39], [43], [68]–[70]. A study coupled CFD to 
thermoregulation a model based on PMV and PPD for the assessment of human thermal comfort 
when using a two-air terminal PCD [71]. This study investigated the effect of PCD by comparing 
thermal comfort values calculated by virtual models with and without PCD at a room temperature 
of 28°C. The calculated PPD values for the model without and the model with PCD were 27.7 % 
and 16.1 %, respectively. The PPD value for the model without PCD was experimentally validated 
and reported a value equal to 24.48% [71]. The difference between the experimental and numerical 
PPD value demonstrated good agreement [71].  
Similarly, another study coupled CFD with a thermoregulation model developed by Zhang et al. 
[72] to assess thermal comfort provided by three different PCD [68]. In the previously mentioned 
study, the authors calculated parameters such as air temperature, air velocity using CFD and 
inputted them into the thermoregulation model in an iteratively process. The study predicted 
thermal comfort values approximately between -1 and 2 when the model included the virtual PCD. 
The thermal comfort scale in Zhang’s model ranges from -4 (very uncomfortable) to 4 (very 
comfortable), which means numerically the PCD is able to maintain acceptable comfort level. The 
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numerical results were validated in later experimental studies using Zhang’s model and show good 
agreement [73]–[75].  
Makhoul et at. [39] numerically investigated the performance of an integrated ceiling diffuser and 
personalized ventilator coaxial nozzle to localize air conditioning and fresh air needs around the 
occupants. In this study Makhoul used Zhang’s thermoregulation model to investigate the 
influence of different air local temperatures, PCD supply temperatures, and PCD supply airflow 
rates on virtual occupants’ thermal comfort. The results indicated that the overall thermal comfort 
values vary between 1.4 and 1.6 when using each PCD model. Table 2-2 summarized the findings 
in the studies described in this section. Note that even though these studies use similar parameters 
in the simulation, the reported thermal comfort values are significantly different. This difference 
could be associated to the CFD approaches such as solver, turbulence models, grid configuration, 
etc. Likewise, the difference could be associated to the methods used to couple CFD and the 
thermoregulation model since a standard test method for PCD evaluation does not exist. Overall, 
the present investigation found that numerical validation of performance of PCD and thermal 
comfort is very limited in the literature available to the researcher. In addition, while the majority 
of this studies reported that PCD enhance thermal comfort, they lack an assessment on human 
body physiological responses such as human body surface temperature or heat flux that could lead 
to a deeper assessment of the potential of PCD at the occupant level. 
Table 2- 2 Summary of Numerical Studies using PCD and Thermal comfort 
PCD 


























mounted PC [39] 
26 16 10.6 1.6 
27 20 15.9 1.8 
28 24 21.2 1.4 
 
2.5 Assessment of Thermal Comfort and PCD using Experimental Approaches 
The majority of the research on PCD and thermal comfort is experimental research [3]. Multiple 
studies use thermal comfort surveys as the tool for human subjects to evaluate the effect of PCD 
on thermal comfort [44]. Kaczmarczyk et al., tested the influence of five different PCD and 
concluded that human subjects reported comfortable values when using PCD with airflow rates 
between 20 and 30 cfm [74]. Likewise, two investigations demonstrated that a desk mounted PCD 
with airflow rates between 10 and 30 cfm are associated to neutral comfort levels [44][76]. In a 
different study, the authors tested the thermal comfort of 16 human subjects while using a PCD 
for cooling purposes at an environmental temperature of 28°C [27]. The results showed that on 
average human subject in this experiment needed approximately 23 Watts to lower their thermal 
sensation to neutral. In addition, Verhaart found that human subjects tolerate air velocities up to 
1.6 m/s, which validates the reported results in [77], [78]. A different study tested the performance 
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of a partition-type fan-coil unit (PFCU) against performance of the main HVAC system [79]. The 
results of the previously mentioned study showed that PCD is able to provide comfortable 
environments at 45% less energy than the main HVAC as well as reported reduction of cold drafts. 
Table 2-3 shows a summary of the different PCD, their working indoor temperature, their supply 
air temperature, and the reported thermal comfort associated with each PCD.  
 
 


















Horizontal and Vertical 
Desk Grille [81] 
26 20 29.6 0.5 
Round Movable Panel Air 
Terminal [81] 
26 20 27.5 0.5 
Movable Panel Air 
Terminal [81] 
26 20 29.6 0.1 
Headset Air terminal [81] 26 20 0.76 0.8 
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Round Movable Panel Air 
and Horizontal Desk Grille 
[81] 
26 20 21 0.2 
Desk Mounted [76] 26 22 
10.6 -0.5 
21 -0.4 
Round Panel Air Heating 
[82] 
20 26 26.5 0 
 
The majority of studies reviewed in this section used surveys to assess the thermal comfort effect 
of PCD. A few studies evaluated the effect of PCD in terms of physiological changes that are 
representative of thermal comfort [56][8]. An experimental study implements skin temperature 
and heart rate monitoring in addition to thermal comfort surveys when analyzing the thermal 
comfort effect of a PCD [56]. The author reported that low heart rate and low and constant skin 
temperatures when human subjects reported being thermally comfortable.  Most of the studies 
reviewed in this section used thermal comfort surveys to collect data on the performance of PCD, 
which requires PCD users to actively participate. However, an assessment of thermal comfort with 
a passive method such as monitoring physiological responses could be a more interesting and 
accurate approach to quantify the effect of PCD in thermal comfort.  
2.6 Physiological Responses of the Human Body in Indoor Environments 
2.6.1 Thermal Comfort 
The thermal comfort models currently available such as Fanger [22] and Gagge two-node model 
[83] assess human thermal comfort based on an energy conservation theory. Consequently, these 
models reflect the average thermal sensation of a large population, but lack explanation on 
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different people experiencing different thermal comfort sensation in the same environment [84]. 
Thermal comfort is the condition of the mind that expresses satisfaction with the thermal 
environment [52]. Thermal comfort depends on environmental and personal factors such as air 
temperature and humidity, air velocity, activity level, clothing level but more importantly it is 
influenced by individual’s preferences [85]. The thermal interaction of the human body with the 
environment could be described as a classic heat transfer process that includes radiation, 
convection, conduction, and evaporation [22]. However, this heat transfer process is a consequence 
of the human body thermal self-regulation function, which responds to different thermal 
environments [86]. The self-regulation function includes physiological processes such as 
vasoconstriction, vasodilatation, shivering, and sweating that control individual’s thermal 
sensation [87]. Therefore, in order to develop a thermal comfort model that explains individual 
thermal sensation, many researches consider physiological parameters such as skin temperature, 
heart rate, heart rate variability HRV, and skin conductance [84], [88], [89]. These physiological 
variables have a direct connection with the human thermoregulatory system. At present, it is 
possible to merge these traditionally separate data collection processes such as thermal comfort 
surveys into a comprehensive assessment of occupant preferences, environmental data, and 
physiological data to evaluate the performance of PCD technology.  
2.6.2 Skin Temperature Response to Air Local Temperature Changes 
 
The skin in the human body has a significant number of thermal receptors, which are connected to 
neurons that respond to the thermal changes in the environment by dilating and constricting blood 
vessels in the surface of the skin [52]. Therefore, skin temperature is an important component of 
the human thermoregulation system. Multiple studies, experimentally, develop thermal sensation 
models that have individual’s skin temperature, core temperature and thermal sensation surveys as 
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the principle input variables [72][89][90][91][92]. Yao et al [89] and Choi et al., [93] develop a 
regression formula that correlates skin temperatures, at eight different human body points to the 
response of thermal sensation survey. A study developed by Fiala et al., [91],[94] observed and 
correlated the temperature changes of body parts such as head, trunk, arms, hands, legs, and feet 
to transient and uniform thermal conditions in experiments in an environmental chamber. 
A study investigated a correlation between human body skin temperatures to thermal sensation in 
temperatures between 20°C to 30°C [93]. This study found that skin temperature changing rates 
were consistent with the changing rates reported in thermal sensation survey. Similarly, another 
study explored the response of skin temperature in environmental temperature between 20°C to 
32°C and reported a rapid response of skin temperature when exposed to a step-down temperature 
(28℃ to 24℃), approximately 4 minutes on average, and reaching a final stable skin temperature 
of 31℃ within 10 minutes on average. Humphreys et al., proposed to use the skin temperature of 
the hands with the temperature of environment to predict thermal comfort [95]. Multiple studies 
suggested that the dorsal region of the hand is more thermal receptive due to the presence of the 
main arteries that conduct heat from the inside to the outside of the human body during 
thermoregulation process [8][51][61]. According to a study, the wrist has main arteries that contain 
useful information on the human body thermoregulation process [96]. This literature review 
demonstrates the potential of skin temperature to be an active parameter on the evaluation of 
thermal comfort. Due to the skin temperature important role in detecting temperature 
environmental changes, skin temperature could be used to evaluate induvial thermal comfort in 
indoor environments.  
2.6.3 Heart Rate Response to Air Local Temperature Changes 
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Current widely use thermal comfort model such as PMV and standard effective temperature (SET) 
use metabolic rate as an input variable for determining thermal comfort [97][83]. According to a 
study, heart rate is significantly correlated to metabolic rate and it has a significant role in the 
human body thermoregulation process [93]. Temperature changes in the environment are sensed 
by peripheral and central temperature receptors of the human body located at the skin level. Based 
on the sensed information the parasympathetic and sympathetic nervous system interact to start 
the thermoregulation process by controlling organs such as heart, lungs, and vessels [98]. The 
parasympathetic nervous system serves to slow heart rate in relax states [99]. The sympathetic 
nervous system releases hormones to increase the heart rate when peripheral sympathetic neurons 
receive external information such as danger alert, stressful situations, or simple cases such as 
environmental temperature changes [100]. Multiple studies identified heart rate as a potential 
indicator of thermal sensation assessment. Choi et al., and Lan et al., observed that heart rates were 
consistently lower at indoor environmental temperature of 22˚C than at indoor environmental 
temperature of 30˚C. [93][101]. However, other studies have reported a lack of significant 
relationship between heart rate, thermal sensation/comfort, and environmental temperatures 
[62][80]. A possible explanation for this discrepancy could be due to the low thermal stress 
produced by the temperature ranges used in the environmental chamber experiments. These 
relatively large volumes of environmental chambers when compared to the human body size are 
not the best option for a study of physiological responses to local environments. The literature 
reviewed in this section suggested that there is a clear relationship between heart rate and thermal 
sensation at different indoor environmental conditions. However, more research in this field is 
necessary to understand the influence of indoor thermal environment in the heart rate of 
individuals. Most of the studies reviewed in this section conducted experiments in uniform and 
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steady state environments. Therefore, there is a need to investigate potential relationship between 
heart rate and dynamic thermal environments such as the ones created by PCD.  
2.6.4 Heart Rate Variability Response to Air Local Temperature Changes.  
The thermoregulatory process in the human body is specifically controlled by the autonomic 
nervous system. The autonomic nervous system uses thermoreceptors located in the human skin 
to detect and regulate the thermoregulatory process according to temperature changes in the 
environment [8][75][81]. The autonomic nervous system consists of the parasympathetic and the 
sympathetic nervous systems. In one hand, the parasympathetic nervous system is responsible for 
the rest/digest activities and one of its function is restoring the thermal balance in the human body. 
On the other hand, the sympathetic nervous system drives the fight-or-flight response of the human 
body when exposed to stressful environments such as a warm environment [82]. The balance 
between the parasympathetic and sympathetic nervous systems is assessed using Heart Rate 
Variability (HRV) as a non-invasive measurement method [102]. HRV represents the time 
variation in the beat-to-beat of the heart rate. The analysis of HRV could be done in the time-
domain or frequency domain. The time-domain analysis uses statistical techniques to describe the 
activity of the autonomic nervous system. The most common time-domain variables are standard 
deviation of time beats SDNNA, and square root of the mean squared differences of successive 
beats RMSSD. Information regarding the specific techniques used to evaluate HRV in the time 
domain could be found in the literature [82]. The frequency domain analysis decomposes the beat-
to-beat signal into its fundamental frequencies. There are three power-bands that have been 
associated with the analysis of HRV: (i) the Very-Low Frequency (VLF) band that ranges from 0 
to 0.04 Hz, (ii) the Low Frequency (LF) band ranging from 0.04 to 0.15 Hz, and (iii) the High 
Frequency (HF) band that ranges from 0.15 to 0.4 Hz. The ratio of LF/HF bands has been 
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associated with the balance of the autonomic nervous system that controls the thermoregulation 
process of the human body. Therefore, the LF/HF ratio has the potential to provide an objective 
measurement of the thermal interaction between a human body, the indoor environment, and more 
importantly a microclimate created by PCD.   
HRV indicates the capacity of human body to adapt and respond to physical changes, such as 
thermal stress. Multiple studies have reported correlation between environmental temperature and 
LF/HF and reported significant differences between the LF/HF ratio between comfortable and 
uncomfortable thermal levels [76][103][104]. A study reported that human subjects under thermal 
stress and thermally uncomfortable had a LF/HF ratio equal to 2.1 and at a comfortable 
environment the same human subjects had LF/HF values of 1.3 [52]. In addition, this study showed 
that human subjects in hot environmental temperatures (28℃ to 30℃) have statistically higher 
LF/HF ratio than the ones in neutral temperatures (24℃ to 26℃). Similarly, another study reported 
LF/HF ratios of 6 human subjects at different environmental temperatures between 22℃ and 30℃  
[76]. This study showed that LF/HF ratios at hot environmental temperature of 30℃ and neutral 
environmental temperature of 26℃ are 2.5 and 0.8, respectively. The majority of literature 
available to the researcher measure HRV using electrocardiogram (ECG), which is the traditional 
and most common method. However, two studies compared the LF/HF ratios obtained from a 
traditional electrocardiogram (ECG) and the ratio obtained from a pulse wave sensor detector, such 
as the ones widely available in wearable devices and showed approximately the same responses 
between the two types of devices [76] [102]. In study [76] the authors reported higher LF/HF ratios 
for human subjects in hot environmental temperature of 38℃ compared to the ones at a neutral 
temperature of 25℃. This brings the possibility of using HVR measurements to evaluate individual 
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thermal comfort by the means of wearable technology even though current commercially available 
wearable devices only monitor heart rate. 
2.6.6 Skin Conductance Response to Air Local Temperature Changes  
Sweating is another common physiological response of the human body to warm/hot environments 
[52][86][105]. The human body dissipates internal heat via sweat evaporation [106]. A recent 
thermal comfort study found that at thermal uncomfortable environments the sympathetic nervous 
system activity dominates the thermoregulation process allowing processes such as 
vasoconstriction and sweating [106][107]. In addition, [108] reports that skin wetness is a good 
indicator of thermal discomfort at warm conditions. Skin wetness is the ratio between the actual 
evaporative heat loss (by sweat) and the maximum possible evaporative heat loss for a given 
environmental condition [109]. A parameter that assesses the presence of sweat in the skin is the 
galvanic skin conductance (GSC), which reflects the ability of the skin to transmit electrical current 
based on the presence of sweat [110]. Multiple studies [111][112] demonstrated an increase of 
GSC before sweat was present at the skin level, which according to [113] reflects the initial activity 
of the thermoregulatory sweating process and therefore it has the potential to predict thermal 
discomfort for individuals.     
 
 
2.7 HRV from Electrocardiography (ECG) vs HRV from Photoplethysmography (PPG) 
 
Traditionally HRV has been determined by spectral analysis using the information of successive 
inter-beat RR intervals of electrocardiography (ECG) signals [114]. ECG technology measures the 
electrical activity of the heart generally using electrodes placed on the skin, chest or limbs [115]. 
Commonly, the electrodes are wire-connected to the equipment that reads, logs, and display the 
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electrical signals. The wire-connection limits the user’s activities and could turn uncomfortable to 
wear them. Generally, the ECG equipment needs to be operated by certified technicians in the 
medical field such as nurses and medical doctors [116]. The operation and postprocess of the data 
obtain from ECG signals makes this technology difficult to be used by the general users. Therefore, 
photoplethysmography (PPG) technology has been developed in the current market [114]. PPG is 
a non-invasive optical technique for monitoring beat-to-beat relative to the blood volume 
circulating through peripheral tissues such as the fingers or the wrist[117]. The idea behind this 
technology lays in the light absorption as a function of blood flowing through fingers or writs, 
more light is absorbed as more blood passes when the heart systoles, and less light is absorbed as 
less blood passes through the finger or writs when the heart diastoles [118]. 
The blood volume circulating through the human body at any time is directly related to the cardiac 
activity [114]. Therefore, many authors suggested that the physiological information derived from 
ECG signals could be obtained from PPG signals [119][120]. Figure 2-4 shows a comparison of 
the beat-to-beat signal obtained from ECG and PPG devices, which is used to estimate HRV. 
Multiple studies compared the accuracy of HRV calculated from PPG devices to HRV from ECG 
devices [121][122]. These studies found high accuracy (r > 0.7, P < 0.001) between the HRV 
calculated form PPG signals as compared to ECG signals. Therefore, using PPG signals to 
calculate physiological variables such as HRV is possible with high accuracy. The PPG technology 
is present in the current market in wearable devices, specifically, for heart rate calculation for 
fitness purposes. However, the estimation of the HRV for diagnostic purposes is gaining more 








This section summarizes the key findings identified in the literature available to the researcher. 
Based on these findings, this dissertation elaborated its hypothesis and researcher objectives.  
The following list states the key findings and a possible method to address each finding. 
1. Studies do not present an overall energy effect of PCD at the building level.  
The existing studies investigate the influence of PCD in the energy consumption of buildings, 
but only a limited number of them report the energy penalty associated to the operation of PCD 
in terms of electricity consumption and the electricity use of HVAC system. This dissertation 
proposes an overall energy analysis of at the building level to quantify the effect of introducing 
a PCD for thermal comfort while increasing the indoor temperature setpoint by 2.6℃ during 
the peak hours of the day. This analysis focuses on the end-use energy such as electricity 
consumption, cooling energy, heating energy, and HVAC fan energy. In addition, this 
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dissertation links the electricity effect of PCD and higher indoor temperature setpoint to a cost 
analysis based on electricity price of each city.  
2. Numerical studies do not quantify the tradeoff between thermal comfort and energy 
associated with PCD. 
This dissertation proposes a numerical assessment of thermal comfort based on the operational 
features of PCD. The features that are part of this investigation are airflow rates supply by 
PCD, air temperature supply by PCD, energy capacity of PCD, and the amount of sensible 
energy remove from the human body by PCD.  
3. Experimental studies evaluate the performance of PCD based on comfort surveys. 
Most of the studies reviewed in this section used thermal comfort surveys to collect data on the 
performance of PCD, which requires PCD users to actively participate. However, an assessment 
of thermal comfort with a passive method such as monitoring physiological responses could be a 
more interesting and accurate approach to quantify the effect of PCD in thermal comfort. This 
dissertation considers that it is possible to merge these traditionally separate data collection 
processes such as thermal comfort surveys into a comprehensive assessment of occupant 











Dissertation Hypothesis, Objectives and Methodology 
The objective of this investigation is to quantify the tradeoffs between thermal comfort and energy 
saved by PCD at the building level and occupant level. Section 3.1 presents the research hypothesis 
for this dissertation. Section 3.2 details the research objectives to fulfill the research hypothesis. 
Section 3.3 describes the methodology to identify the effect of PCD in the building environment 
and at the occupant level. Section 3.4 enlists the tasks for each objective in this dissertation. Lastly, 
section 3.5 has a summarizes the critical parts for the success of this research.    
3.1 Research Hypothesis 
The problem statement and the literature review presented in Chapter 2 delineated the research 
hypothesis for this dissertation, as shown in Table 3-1. The applications of this hypothesis could 
advance the development and future adoption of PCD as part of the building environment to ensure 
thermal comfort at the lowest possible energy cost. This dissertation assesses the impact, at the 
building level and at the occupant level, of adding a PCD as an additional equipment in the building 
environment. In addition, this dissertation explores the impact of PCD on physiological variables 
that are responsible for the human thermoregulation process in the interest of quantifying the 
interaction of occupants and PCD. The results of this thesis could be used in the Robotic Personal 
Conditioning Device (RoCo) that is being developed in collaboration with the Cluster for 
Sustainability in the Built Environment at the University of Maryland (CITY@UMD), the Center 
for Environmental Energy Engineering University of Maryland (CEEE) and Oak Ridge National 




Table 3- 1 Proposed Research Hypothesis 
Research Hypothesis: 
Utilizing an automated occupant thermal comfort assessment 
combined with a Personalized Cooling Device could yield an 
overall system level energy savings while satisfying the 
individual comfort preferences. 
 
3.2 Dissertation Objectives 
 
This dissertation identifies four objectives to prove the hypothesis, as shown in Table 3-2. The first 
objective numerically evaluates the energy savings associated with extending the temperature 
setpoint while using PCD in office, and mid-rise apartment buildings constructed pre-1980 and 
post 2004. The second objective numerically explores the heat flux of the human body when using 
PCD at different operational modes. The third objective studies the effect of PCD on human 
subjects experimentally, specifically during this dissertation monitors physiological variables as 
well as comfort surveys to evaluate the performance of PCD. The last objective explores the 
relationship between physiological variables and thermal comfort in the interest of developing a 






















3.3 Effect of PCD in the Overall Building Energy Analysis 
The literature available for this researcher does not present an overall energy analysis, numerical 
or experimental at the building level, of the effect of extending temperature setpoints during the 
summer months while introducing the PCD to control thermal comfort at different climates across 
the U.S. Furthermore, numerical studies in this field do not discuss the potential effect of extending 
temperature setpoints in terms of monetary cost savings of adding a PCD in the building 
environment. Therefore, this dissertation considers the effect of extending the temperature 
setpoints during the summer months for different cities in the U.S. and makes an overall energy 
analysis the impact of introducing PCD in the building environment. In addition, this dissertation 
considers the electricity cost at different cities to estimate the monetary savings of extending 
temperature setpoints in the summer while adding PCDs to the building. The results of this study 
Research Objectives:  
1- Evaluate the potential energy saved by Personalized     
Cooling Device and extended temperature setpoints in 
commercial buildings.  
2- Quantify the tradeoffs between energy savings and thermal 
comfort.  
3- Experimentally examine influence of PCD on personal 
thermal comfort. 




could offer an initial understanding of potential profitable markets for the PCD industry based on 
the location climate and electricity price.  
This dissertation uses office and midrise apartment buildings to perform the numerical energy 
analysis of the tradeoffs between extending the temperature setpoints and introducing PCD devices 
for thermal comfort. Office buildings historically are internal-load dominated buildings. This 
suggest that the energy consumption of office buildings is driven primarily by internal equipment, 
occupancy level, and occupancy and lighting schedules [123]. The outdoor conditions dictate a 
small portion of the energy consumption in internal dominated buildings. On the other hand, mid-
rise apartments are external-load dominated buildings. The energy consumption of external-
dominated buildings is driven by the outdoor conditions and the type of HVAC system [123]. 
These two building types are great candidates for adopting PCD technology for potential energy 
savings by extending setpoints and higher thermal comfort by allowing occupants to control their 
microenvironment. Figure 3-1 shows the energy modeling process that this study proposes to 

















At the occupant level this thesis evaluates the performance of the PCD as a function of heat 
removed from the human body and the cooling capacity of the PCD. Similarly, it uses the PMV 
method to estimate thermal comfort of the virtual model when using the PCD. This thesis uses a 
validated Computational Fluid Dynamic (CFD) model coupled with PMV thermoregulation model 
to calculate the heat removed from the human body and the thermal sensation of the virtual model. 
Figure 3-2 illustrates the iterative process of the coupling CFD and the PMV thermoregulation 
model. The coupled simulations process enables frequent updates to the temperature boundary 
condition at each surface mesh of the virtual human body model. These frequent updates allow the 






          Data Processing and Results 
      
 
Baseline building model 
from The U.S. 
Department of Energy 
(DOE) Reference 
Buildings Database 
Building model Fix 
Sizing procedure to 
make sure the equipment 
such as HVAC does not 
downsize during 
extended setpoints 
Building Model input 
variables: 
• Extended setpoint 
values 





• Electricity cost for 
each city 
 
Figure 3- 1 Energy Modeling Process 
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PCD was evaluated based on Equation 3-1. This equation is the ratio between the total sensible 
heat loss of the human induced by PCD and the cooling capacity of the PCD. The total sensible 
heat loss induced by PCD is the difference between total sensible heat loss of human model when 
using PCD (𝑄𝑠𝑃𝐶𝐷) and the total sensible heat loss of human when not using PCD (𝑄𝑠). This 
method to evaluate the performance of PCD allows a quantitate evaluation of PCD.  
 
 






           
3.4 Tasks Overview for each Objective 
This dissertation identifies critical tasks that ensure the accomplishment of each objective. Figure 
3-3 shows a broad view of the objectives and tasks in this thesis. This dissertation evaluates the 
effect of using PCD at building level and at the occupant level and quantifies the tradeoffs between 
overall energy performance and thermal comfort, which are the main goals of PCDs. In addition, 




conditions and the electricity costs in order to have a costs analysis of PCD. The results of this 
study are part of the marketing approach for the RoCo project.  
 
The objective 1 of this dissertation studies the effect of PCD in the energy consumption of office 
and mi-rise apartment building models for buildings constructed pre-1980 and post 2004. This 
dissertation explores the climate effect on the building energy consumption of building using PCD 
while extending their temperature setpoints from 24℃ to 26.6℃ during the peak hours of the day 
(13:00 to 17:00). In addition, this dissertation quantifies the monetary savings at building level by 
Objective 1
Energy Savings at the 
building level
Evaluate the overall 
energy and monetary 
savings of PCD in 




Quantify the tradeoff 
between energy 
savings and thermal 
comfort 
Identify the cooling 
capacity and the 
temperature and 
airflow range of 






Test the performance of 
PCD with human 
subjects and monitor 
their physiological 
response before, 





for a data-driven 
assessment of thermal 
comfort. 
Process physiological 
data to quantify the 
effect of PCD on the 
human subject’s 
thermal comfort
Figure 3- 3 Objectives and Main Task Overview 
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estimating the price in electricity bill when not using and when using PCD. Table 3-3 details the 
identified tasks for the accomplishment of the first research objective.  




1-1 Create the building energy models for the proposed office and 
midrise apartments buildings 
1-2 Find TMY3 data for each city 
1-3 Collect electricity rates for each city 
1-3 Create baseline and PCD Building models for each building type 
1-3 Analyze the simulation results for each building type 
1-4 Identify potential market for PCDs.  
1-5 Explores the energy effect of PCD in small density occupant 
building such as warehouse building 
 
The objective 2 of this dissertation focuses on the interaction of PCD and the human body. This 
research uses CFD to quantify the heat removal from the human body while using PCD and the 
thermal comfort, based on PMV thermoregulation model, produce by PCD. This part of the 
research couples CFD with the PMV thermoregulation model to continuously update the 
temperature boundary condition at the surface mesh of the human body model. Based on the heat 
flux removed from the human body and the calculated thermal comfort this dissertation proposes 
the cooling capacity for the PCD and the possible size for the discharge nozzle as well as the 
possible operating airflow rates to prevent risk of draft. Table 3-4 presents the tasks associated 
with the second research objective of this dissertation.  
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2-1 Numerical analysis of the microenvironment created by PCD 
in cooling mode 
2-2 Numerical analysis of the microenvironment created by PCD 
in heating mode 
2-3 Numerical analysis of heat removal from the human body by 
PCD 
2-4 Numerical analysis of thermal comfort when using PCD  
2-5 Quantify the performance of PCD based on human model heat 
removal 
 
Table 3-5 shows the tasks associated with the human subject experiments, which is objective 3. 
This research develops a data collection device monitor physiological variables during the PCD 
experiments. Current commercially available devices have imitation on physiological data access 
and have low sampling rates, which is key for the HRV. The data collection device is a bracelet 
type device based on commercially available heart rate, temperature, galvanic response sensor. 
The experimental protocol as well as all the instruments use in the experiments are approved by 
The University of Maryland Institution Review Board (IRB) protocol [655690-7]. The 
experiments test the ability of the PCD to maintain thermal comfort of human subjects at 
environmental temperature between 27 ± 1 ℃ and 29 ± 1 ℃. Throughout each experiment this 
research monitors physiological variables such as skin temperature, heart rate, and conducts 
thermal comfort surveys to correlate physiological changes with thermal comfort and assess the 
ability of PCD to influence these physiological variables. 
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3-1 Develop physiological data collection device 
3-2 Conduct 40 human subject experiments to test the performance 
of PCD 
3-4 Process experiment data for analysis 
 
The last objective of this research uses the physiological data and the survey comfort data to find 
correlations associated with using PCD. Using this data, this dissertation evaluates the ability of 
PCD to influence human physiology. The research approach in this section is to apply machine 
learning, specifically, classifications algorithms. Table 3-6 shows the tasks to accomplish the 
research objective.  




4-1 Correlate thermal comfort and physiological variables 
4-2  Present a data-driven thermal comfort assessment when using 
personalized cooling device 
 
3.5 Summary 
This chapter evaluates the possible end-use energy savings associated with PCD in office and 
midrise apartment buildings. The investigation initially explores the potential energy savings by 
extending the temperature setpoint from 24 °C to 26.7 ˚C and by adding a PCDs to the overall 
energy consumption of the building. The second objective is to numerically investigate the 
tradeoffs between thermal comfort, using Fanger’s PMV and PPD approach, and the energy 
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associated with PCD. Furthermore, this dissertation conducts experimental analysis on the ability 
of PCD to regulate or maintain thermal comfort of human subjects under warm and hot indoor 
environmental temperatures, validate the numerical results and complement the overall research 
with actual human subject’s inputs on their thermal comfort and thermal comfort. During the 
thermal comfort experiments the human subjects use a bracelet-type device that monitors their 
physiological parameters. This information enables this research to understand the human body 
responds to different thermal environments and the ability of PCD to influence physiological 
changes associated with thermal comfort. Furthermore, this dissertation develops a data-driven 
thermal comfort approach based on the subjective (surveys) and physiological data being 


















Personalized Cooling as an Energy Efficiency Technology in Commercial Buildings  
This chapter shows the results of the building energy simulation study on the energy effect of PCD 
in commercial buildings such as office, and midrise apartments buildings constructed Pre-1980 
and Post 2004. In addition, this chapter presents a discussion section on low occupancy-density 
building such warehouse and manufacturing buildings. Section 4.1 details the overall framework 
for the building energy simulations and PCD. Section 4.2 presents the background information for 
energy simulations and PCD. Section 4.3 shows parameters and details for the energy simulation 
models. Section 4.4 demonstrate the results of the energy analysis for office and midrise apartment 
buildings. Section 4.5 presents a discussion on buildings with low-occupancy density such as 
warehouse and manufacturing buildings. Section 4.6 shows a comprehensive cost analysis for the 
electricity savings for each city. Lastly, section 4.7 summarizes the results and the discussion of 
this research.   
4.1 Building Energy Simulations and PCD 
The first objective is to evaluate the potential energy savings by extending temperature setpoints 
while using PCD in commercial buildings at different representative climates in the U.S. The 
investigation of the effect of different climates will develop benchmarking criteria to evaluate the 
potential benefits of adding PCD as a building equipment device. This analysis aims to locate 
potential markets (cities) based on climate and electricity rates where PCD could provide energy 
and monetary savings. Additionally, this investigation will implement a second benchmarking 
criteria associated with building types such as office, and mid-rise apartments in terms of energy 
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response to the implementation of PCD. The goal of this benchmarking analysis is to observe the 
effect on PCD on different building types specifically in the energy consumption patterns. 
4.2 Building Energy Simulations Background Information 
Building energy models account for a total heat balance on both internal and external building 
enclosure surfaces, heat transfer through a building enclosure, and heat sources /sinks such as 
internal loads generated by equipment, occupants and lighting. This modeling is governed by heat 
transfer equations for both the outside and inside surfaces of the building, as shown in Table 4-1, 
which are solved simultaneously. In order to determine an annual rate of energy consumption, 
EnergyPlus solves the governing equations iteratively with an hourly time step over the duration 
of a year. The internal boundary conditions used an indoor air temperature setpoint, and the 
external boundary conditions used hourly weather data for a Typical Meteorological Year 
[“NSRDB: 1991- 2005 Update: TMY3,” Wind Energy Resource Atlas of the United State. 
[Online]. Available: https://rredc.nrel.gov/solar/old_data/nsrdb/1991-2005/tmy3/]. Figure 4-1 and 
Figure 4-2 shows the external and internal wall heat balance use in EnergyPlus for each building 
geometry. 
Table 4- 1 Outside and Inside Heat Balance Equations 
Outside Surface Heat Balance Inside Surface Heat Balance 
𝑞′′𝛼𝑠𝑜𝑙 + 𝑞′′𝐿𝑊𝑅 + 𝑞′′𝑐𝑜𝑛𝑣 − 𝑞
′′
𝑘𝑜 =  0    
where:   
𝑞′′𝛼𝑠𝑜𝑙 = Absorbed direct and diffuse solar 
(short wavelength) radiation heat flux. 
𝑞′′𝐿𝑊𝑅 = Net long wavelength (thermal) 
radiation flux exchange with the air and 
surroundings (including sky). 












𝑐𝑜𝑛𝑣 =  0 
where:   
𝑞′′𝐿𝑊𝑋 = Net longwave radiant exchange flux between zone 
surfaces. 
𝑞′′𝑆𝑊 = Net short-wave radiation flux to surface from lights. 
𝑞′′𝐿𝑊𝑆 = Longwave radiation flux from equipment in zone. 
𝑞′′𝑘𝑖 = Conduction flux through the wall. 
𝑞′′𝑠𝑜𝑙 = Transmitted solar radiation flux absorbed at surface. 
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𝑞′′𝑘𝑜 = Conduction heat flux (q/A) into the 
wall. 
𝑞′′𝑐𝑜𝑛𝑣 = Convective heat flux to zone air.* 
 
*Note: the 𝑞′′𝑐𝑜𝑛𝑣 term uses a system of equations for transient convective heat transfer to the air volume 
in each building zone defined by bulk air properties and heat sources from internal loads, wall surfaces, and 












Figure 4- 2 Internal Wall Heat Balance 
 
The building energy analysis in this investigation uses EnergyPlus V 7.0 as a computational tool 
to simulate three primary commercial building types and one residential building type. The 
building models are shown in Figure 4-3. This analysis explores the effect of climate in seven 
different cities across the U.S., as shown in Table 4-2. In addition, Table 4-2 shows the cooling 
degree days for each city. According to the Commercial Building Energy Consumption Survey 
(CBECS), office and warehouse buildings account for 18.8% and 14.8% of the total building 
spaces in the U.S., respectively, and represent more than 33% of the commercial building space in 
the country. While the office and manufacturing buildings require constant space conditioning, the 
warehouse buildings have limited access to air-conditioning in the occupied space. Similarly, the 
total floor area of residential buildings is consistently increasing from 87 million square feet in 
1970 to 211 million in 2011 [124]. These different scenarios allow this investigation to perform a 
broad analysis on the overall energy effect of PCD in the building environment.  
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This investigation considers buildings constructed with codes and regulation Pre-1980 [125] and 
buildings constructed with codes and regulations Post 2004 [125]in the energy assessment. This 
approach allows to perform a broad investigation on the effect of different construction materials 
and different mechanical equipment associated to each building during extending temperature 
































Area = 4892 m2 (50,000 ft2)
People = 268
Warehouse Building 
Area = 4835 m2 (52,043 ft2) 
People = 5
Manufacturing Building 
Area = 4892 m2 (50,000 ft2)
People = 102
Midrise Apt Building 
























Table 4- 2 Selected Cities and Climates 
 
City Climate 
1 Austin, TX Climate Zone 2A: Hot – Humid   CDD18oC= 441 
2 Chicago, IL Climate Zone 5A: Cool– Humid  CDD18oC= 199 
3 Honolulu, HI Climate Zone 1A: Very Hot/Humid CDD18oC= 408 
4 Minneapolis, MN Climate Zone 6A: Cold – Humid CDD18oC= 185 
5 New York City, NY Climate Zone 4A: Mixed – Humid CDD18oC= 243 
6 Phoenix, AZ Climate Zone 2B: Dry CDD18oC= 744 
7 San Francisco, CA Climate Zone 3C: Warm – Marine CDD18oC= 30 
 
4.3 Building Energy Simulations Procedure 
The first task is to create a baseline model for each building type for each of the selected cities. 
The energy simulation inputs for the baseline model are obtained from the DOE Reference 
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Building [125]. This investigation uses the results of the building energy simulations to summarize 
the potential savings of adopting a PCD technology across the U.S.. Additionally, the baseline 
model provides the necessary inputs for the HVAC system, such as system capacity, airflow rate, 
and ducts size, to be later used in the simulations models with extended setpoints temperatures and 
PCD. Fixing the HVAC system inputs in the models prevents EnergyPlus from 
downgrading/upgrading the building’s HVAC system when extending temperatures or 
adding/removing energy loads with the PCD. Ensuring the same building characteristics and 
mechanical equipment between the baseline and subsequent energy models allows a clean 
comparison among all the energy models. 
 
Following the baseline models, this study explores the potential energy savings associated to 
extending temperature setpoints in each building space. These results of this step target the 
potential energy savings associated with the central temperature setpoint in the building. 
Furthermore, the results of models with extended temperature setpoints help to understand, and 
later quantify the energy impact when introducing PCD to the building space. This means that, any 
distributed heat rejection systems such as PCDs, would need to account for energy penalties 
associated with internal equipment and heat rejection/absorbtion, which includes the amount of 
heat rejection into the space, amount of electricity consumption, and building’s HVAC power to 
increase/decrease temperature setpoints.  
This investigation uses the following operation characteristics for the PCD [126].  
• Operates 4 hours 
• Removes 165 W from the space  
• Consumes 70 W electric load to recharge electric battery 
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• Electrical battery recharges from 22:00 to 4:00 (6 hours) 
• Requires 10 W fan power to recharge Phase Change Material (PCM) or thermal battery 
• PCM recharges from 22:00 to 2:00 (4 hours) 
• Rejects PCM heat outside the building space  
• Rejects PCM heat inside the building space  
These parameters are obtained from the Prototype Y2V1 Ice RoCo , which is a PCD created by 
researchers in the University of Maryland under the Delta Program sponsored by DOE. 
This investigation uses the energy balance equation (Equation 4-1) to include the effects of RoCo 
in the building energy balance. Using the operational schedules, thermal energy is subtracted from 
the space during the PCD’s operational hours and energy is added to the building space during the 
PCD’s non-operational hours. The adding and subtracting of energy follow the operation 






𝑖=1 + ∑ ℎ𝑖𝐴𝑖(𝑇𝑠𝑖 − 𝑇𝑧)
𝑁𝑠𝑢𝑟𝑓𝑎𝑐𝑒
𝑖=1
+ ∑ ?̇?𝑖𝐶𝑝(𝑇𝑧𝑖 − 𝑇𝑧)
𝑁𝑧𝑜𝑛𝑒𝑠
𝑖=1 + ?̇?𝑖𝑛𝑓𝐶𝑝(𝑇∞ − 𝑇𝑧) +




 represents the energy store in the air as a function of time  
∑ 𝑄𝑖̇
𝑁𝑠;
𝑖=1  is the sum of convective heat loads 
∑ ℎ𝑖𝐴𝑖(𝑇𝑠𝑖 − 𝑇𝑧)
𝑁𝑠𝑢𝑟𝑓𝑎𝑐𝑒
𝑖=1
 is the convective heat transfer from the zone surfaces 
∑ 𝑚𝑖̇ 𝐶𝑝(𝑇𝑧𝑖 − 𝑇𝑧)
𝑁𝑧𝑜𝑛𝑒𝑠
𝑖=1   is the heat transfer due to inner zone air mixing 
?̇?𝑖𝑛𝑓𝐶𝑝(𝑇∞ − 𝑇𝑧) is the heat transfer due to infiltration  




4.4 Building Energy Models and Results 
4.4.1 Office building model  
The baseline model for this building space assumes a gross floor area of 4,892 m2, and 268 
occupants. The energy simulation estimates that the cooling season expands from May 15 to 
September 15 for the old and new office models. The main differences between the old and new 
office models are construction materials and HVAC systems. Specifically, the new office model 
has Variable Air Volume (VAV), while the old office model has a Constant Air Volume (CAV). 
This study considered three different temperature schedules, shown in Figure 4-4 a-c, for each 
model to compare the building energy consumption. The first temperature schedule is the baseline, 
where the room temperature is 24˚C from 6:00 to 22:00 and 26.7 ˚C from 22:00 to 6:00 of the 
following day.  
The second temperature schedule (MAX80) follows the extended setpoint temperature required by 
the DOE - DELTA program, where the room temperature is 26.7˚C (Max80) throughout the day. 
The third temperature schedule is a combination of the baseline and Max80 schedules, where the 
temperature setpoint from 6:00 to 13:00 is 24˚C and 26.7 ˚C from 13:00 to 6:00 of the following 
day. This study assumes that PCD operates between 13:00 to 17:00 hours every day to provide 
cooling during the extended setpoint. According to preliminary results, increasing the day-time 
(6:00 to 22:00) temperature further than 26.7˚C increases the fan energy consumption; in addition, 
based on experience, building managers would not operate buildings at temperatures higher than 
26.7˚C to avoid occupant discomfort. The building’s fan increases the energy consumption in order 




Figure 4- 4 Temperature Schedules for Office Buildings 
 
 
4.4.2 Office Model Results 
The simulation results demonstrate that by extending the temperature setpoint to 26.6˚C the energy 
required to cool the building approximately reduces 20% to 38% for old office models and 7% to 
11% for new office models, as shown in Figure 4-5. San Francisco and Chicago are associated to 
low cooling degree-days where cooling is a minor portion of the total energy of the building. 
Therefore, by extending the temperature setpoint to 26.6˚C in old offices, significantly reduces 
cooling energy by 38% for Chicago and 64% for San Francisco, but it does not impact the 
building’s total energy consumption. The results indicate an increase in the fan energy 
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consumption in the old offices, which limits the total energy savings to 4% to 5% percent since 
fan energy represents approximately 17% of the total energy in the building.  
The energy increase is a characteristic of constant volume systems where the fan operates for 
longer periods to benefit from free cooling and maintain the desired temperature setpoint of 
26.7˚C. In contrast, the results for new offices buildings indicate potential savings in the fan energy 
ranging from 7% to 32%; however, the fan energy is only 3% of the total energy in the building, 
which has a negligible impact on the overall energy consumption of the building. The simulation 
results indicate that the potential savings for cooling energy using the extended setpoint 
temperature of 26.7˚C are approximately 10%, which represent depending on the city, 
approximately 1% to 3% of the total energy in the building. For both models, the internal 
equipment is the same since no additional equipment have been added to the space. An important 
difference between the old and new building models is the internal equipment energy, which 
represents 22% and 38%, respectively, of the total energy in the buildings. 
 
Figure 4- 5 Max80 Energy Savings for Office Buildings 
 
Introducing PCD to the building environment increases the internal equipment energy by 9%. 
However, operating PCD in old offices enables savings in cooling energy that range from 11% 
1 2 3 4 5 6 7































] Old Office Percent Energy Savings Breakdown MAX80
1 Austin 2 Chicago 3 Honolulu 4 Minneapolis 5 New York 6 Phoenix 7 San Francisco 
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(Phoenix) to 51 % (San Francisco), as shown in Figure 4-6. However, as the previous case the fan 
energy in old offices indicate an increase of approximately 8%, which combined with the internal 
equipment energy limit the total energy savings to 2%, as presented in Figure 4-6. The results for 
old office buildings show that on average 20% of cooling energy savings depending on the city. 
The results for the new office models show cooling energy savings range from 11% (Phoenix) to 
5% (San Francisco). In addition, the results indicate potential savings for the fan energy, but as 
explained in the previous section, it does not contribute to the total energy of the building. For this 
building model the total energy does not change compare to the baseline model since the increase 
in interior equipment counterbalance the savings in cooling energy. In addition, these results 
assume that the PCD does not have to reject heat or that the heat is rejected outdoors, which could 
bring an extra penalty for moving the PCD outdoor.   
 
Figure 4- 6 Extended Temp PCD Energy Savings Office Buildings 
                       
To demonstrate a more realistic effect of adding a PCD into the building environment, this 
investigation conducts energy simulations with PCD rejecting the absorbed heat inside the 
building. This research is interest in effect of absorbing and rejecting heat on each end-use energy 
component of the building. Figure 4-7 shows data comparing the cooling energy and fan energy 
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Old Office Percent Energy Savings Breakdown PCD Heat 
Rejection OUT 
1 Austin 2 Chicago 3 Honolulu 4 Minneapolis 5 New York 6 Phoenix 7 San Francisco 
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for the model cases when PCD rejects heat inside the building space and when PCD rejects heat 
outside the building space (ideally). The results indicate that the cooling energy savings reduce 
approximately 3 %, when rejecting heat inside for old and new buildings. Likewise, in the old 
buildings, the fan energy increases 7 % since it needs to remove more heat from the space during 
PCD’s heat rejection process. The fan energy for new office buildings is a small part of the total 
energy; therefore, its change is negligible. The cooling energy for the city of San Francisco stays 
the same for both heat rejection processes. The overall energy savings in the building reduces 
approximately 2% when heat is rejected inside. 
 
Figure 4- 7 PCD Heat rejection In/Out Comparison Office Buildings 
 
The cost analysis of office buildings reveals higher potential cash savings in the old building 
compared to the new buildings. Figure 4-8 shows the breakdown cost savings for each city and 
each case. The city of Phoenix has the major savings associated to MAX80, PCD (heat rejection 
outside), PCD (heat rejection inside), which escalate up to $3,200. Cities such as Chicago, 
Honolulu, and San Francisco have limit cash savings potential due to the combination of low-price 
ratio and low cooling degree days. The cash savings for new office buildings are lower than the 


































] New Office Energy Savings End Uses PCD Heat Rejection IN/OUT 
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New Office Energy Savings End Uses PCD Heat Rejection IN/OUT 
1 Austin 2 Chicago 3 Honolulu 4 Minneapolis 5 New York 6 Phoenix 7 San Francisco 
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energy. By rejecting heat inside, the cash savings are limited due to a slight increase in cooling 
energy added by this process.  
 
Figure 4- 8 Office Buildings Cash Savings Due to PCD 
 
4.4.3 Mid-rise Apartment building model 
The baseline model for the midrise apartment building has two main space types, which include 
an apartment space type and an office space type. These two spaces have a gross floor area equal 
to 2030 m2 and 88.25 m2, respectively. According to DOE reference building [1], the total number 
of people for the apartment space type is 58 people and for the office space type is 2 people. Similar 
to the office building model, this study compares the energy performance of midrise apartment 
based on three temperature setpoint schedules Figure 4-9 d-f. The baseline temperature schedule 
sets the temperature in the apartment space to 24˚C throughout the day. The office space follows 
the same temperature schedule as the office building models, presented in Figure 4-4.  
The second temperature schedule (MAX80) drives the apartment temperature to 26.7˚C throughout 
the day, which is in accordance with the DOE - DELTA project requirements. The third 
temperature schedule assumes that PCD operates from 13:00 to 16:00 in the apartment 
environment and PCD is available for 50% of the total number of occupants, where the temperature 



















Annual Cash Savings ($) Old Office
1 2 3 4 5 6 7
Annual Cash Savings ($) New Office
1 Austin 2 Chicago 3 Honolulu 4 Minneapolis 5 New York 6 Phoenix 7 San Francisco 
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temperature setpoint by 1 degree Celsius during the day targets potential energy savings while 
providing a reasonable thermal environment for possible occupancy during those hours. This study 
assumes that between 6:00 to 16:00 the occupancy level in the space is limited.  
 
Figure 4- 9 Temperature Schedules for Office Buildings 
 
 
4.4.4 Mid-rise Apartment Model Results 
The mid-rise apartment model energy simulation results demonstrate potential savings in cooling 
energy, fan energy, and total energy, when the temperature setpoint is extended from 24˚C to 
26.7˚C for old and new mid-rise apartment models, as shown in Figure 4-10. The cooling energy 
savings range from 26% to 85% for old building models and 6% to 15% for new building models. 
The fan energy savings range from 25% to 50% for old and new midrise apartment models. The 
55 
 
potential reduction in cooling and fan energy allows savings in total energy that range from 10% 
to 20% depending on the city.  
 
Figure 4- 10 Max80 Energy Savings for Midrise Apartment Buildings 
 
Figure 4-11 shows the percent energy difference between the baseline model and the model that 
includes a PCD. The results indicate that the potential savings for cooling and fan energy escalate 
up to 25% and 21%, for the old and new building models, respectively. Introducing a PCD to the 
building environment increases the internal equipment energy by 5%, when compared to the 
baseline model. The internal equipment energy represents approximately 25% of the total energy 
in the building while cooling energy and fan energy represent approximately 30% and 8%, 
respectively. Consequently, the 5% increase in internal equipment energy counterbalances the 
cooling energy savings, which at the end has a negative effect in the total energy savings. In 
addition, this energy model assumes that the PCD device does not reject the absorbed heat to the 
indoor building space. Lastly as expected, the city of San Francisco is the outlier in the cooling 
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Figure 4- 11 Extended Temp PCD Energy Savings Midrise Apartment Buildings 
 
Figure 4-12 shows a comparison of cooling and fan energy for models where the PCD rejects heat 
inside the building space and when PCD rejects heat outside the building space. The results 
indicate that the cooling energy savings reduce approximately 3%, when rejecting heat inside for 
old and new buildings. The savings reduction in the fan energy for this building type is a small 
part of the total energy; therefore, its change does not affect the overall energy savings of the 
building. The overall energy savings does not change whether heat is rejected inside or outside of 
this building type.  
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Figure 4-13 shows the breakdown of cash savings for midrise apartment buildings. The cash 
savings potential in this building type range from $1,000 (Minneapolis) to approximately $7,500 
(Honolulu) in the MAX80. As expected, Chicago, and San Francisco have low cash savings due to 
the low-price ratio and low cooling degree-days. This building type has the highest cash savings 
among all the studied building types. These high savings are a result of the significant cooling 
energy savings. Figure 4-13 also shows that the heat rejection process, inside or outside, has a 
negligible effect in the cost savings, which suggest that this building type has important profit 
potential as a market place for PCD technology. 
 
Figure 4- 13 11Mid-rise Apartment Buildings Cash Savings Due to PCD 
 
4.5 Discussion on Manufacturing and Warehouse Buildings 
The main differences among the building types in this study are the number of people and the 
energy loads associated to each of the buildings. The results for the other two building type, 
manufacturing and warehouse, show a similar response as the office building when expanding the 
temperature from 24˚C to 26˚C and introducing PCD to the building environment. As described in 
the office building results, the cooling energy decreases when extending temperature setpoints 
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adopting the PCD in the environment slightly increases the internal energy for both building type 
models. While increasing temperature setpoints during the hot season lead to cooling savings, the 
total energy savings in the both building types are approximately less than 2 %. Likewise, the 
maximum costs savings associated to the manufacturing and warehouse are $1,600 and $250, 
respectively. The large difference between the costs savings lays in the number of people 
associated to each building. The analysis suggests that the energy and costs savings in the 
manufacturing and warehouse buildings are small compare to the office case. However, improving 
thermal comfort is an important benefit that brings value to PCD technology. 
4.6 Cost Savings Analysis 
An important aspect of adopting PCD technology in the building environment is the potential cost 
savings due to the peak shifting. The integration of PCD could save HVAC energy consumption 
during the day when the electricity cost is at a peak rate. Many cities offer different programs that 
commercial buildings can enroll to save energy and money. The most common program is the 
Time of the Use program that entails off-Peak, mid-Peak, and Peak hours with associated 
electricity rates. The most expensive time frame is the peak hours, followed by the mid-Peak, and 
lastly the off-Peak hours. Table 4-3 and Table 4-4 show the electricity rates for the commercial 
buildings and the respective time schedule. Commonly, during the weekends and holidays, the 
electricity rate falls into the off-peak price. For the case of Chicago, the only information publicly 
available is the flat rate for both commercial and residential buildings. Therefore, the models for 






Table 4- 3  Commercial Buildings Electricity Rate in cents/kWh 
City Off-Peak Mid-Peak On-Peak 
Austin, TX 0.067 3.91 6.54 
Chicago, IL 6.24 N/A 6.24 
Honolulu, HI 16 16.9 16.9 
Minneapolis, MN 3.02 N/A 15.13 
New York City, NY 1.34 N/A 18.99 
Phoenix, AZ * 5.48 / 5.15 10.5 / 10.7 15.41 / 16.48 
San Francisco, CA 20.7 23.4 25.8 
*Phoenix summer/Phoenix Summer Peak 
Table 4- 4 Time of Use Program for Commercial Buildings 
City Off-Peak Hours    Mid-Peak Hours On-Peak Hours 
Austin, TX 10:00 pm-6:00 am 6:00 am-2:00 pm 
8:00 pm-10:00 pm 
6:00 am-10:00 pm 
2:00 pm- 8:00 pm 
Minnesota, MN 9:00 pm-9:00 am NA 9:00 am- 9:00 pm 
Honolulu, HI 9:00 pm-7:00 am 7:00 am-5:00 pm 5:00 pm- 9:00 pm 
New York City, NY 12:00 am-8:00 am NA 8:00 am-12:00 am 
Chicago, IL NA NA NA 
San Francisco, CA 9:30 pm-8:30 am 8:30 am-12:00 pm 
6:00 pm- 9:30 pm 
12:00 pm-6:00 pm 




This investigation initially found that the potential costs savings associated to extended setpoints 
and the adoption of PCD are a combination of electricity prices and cooling degree-days 
CDD18C. This study normalizes the electricity price of each city as a ratio between the off-peak 
to the on-peak price using Equation 4-2. This equation is the ratio between on-peak electricity 
price and off-peak electricity price, where unity is subtracted to sort each city in an ascending 
order, as shown in Figure 4-14. This normalization reveals potential profitable markets for PCD 
technology. This study proposes that cities with electricity price ratios higher than 0.3 and 
CDD18C higher than 400 could be the highest profitable markets for PCD. Cities such as Austin, 
Minneapolis, New York, and Phoenix have high cooling degree days and high electricity price 
ratio between off-peak and on-peak, which makes them a suitable market for systems such the one 
being used in this investigation. On the other hand, cities such as Chicago and San Francisco have 
low cooling requirements and low-price ratio, which prevents potential cash savings associated to 
extending temperatures setpoints and PCDs. Similarly, the city of Honolulu may not be a potential 
market for PCD technology due to the small price ratio for the electricity rate. Nevertheless, due 
to its hot and humid climate, PCD could have a positive impact in terms of comfort.  
 
𝑃𝑟𝑖𝑐𝑒 𝑅𝑎𝑡𝑖𝑜 𝑑𝑒𝑓𝑓 = 1 −
𝑜𝑓𝑓 𝑝𝑒𝑎𝑘 𝑝𝑟𝑖𝑐𝑒 
𝑜𝑛 𝑝𝑒𝑎𝑘 𝑝𝑟𝑖𝑐𝑒





Figure 4- 14 Cooling Degree Days vs Price Ratio 
 
4.7 Summary 
This chapter presents the energy analysis of deploying a PCD based on a phase-change material 
on pre-1980 (old) and post-2004 (new) buildings. This study focuses on two building types: office 
building and mid-rise apartment building. Additionally, this study includes a discussion section on 
the effect of PCD on low occupancy density buildings such as warehouse and manufacturing 
buildings. The effect of PCD in each building model is characterized by the difference in end-use 
energy between baseline models and models that have PCD included. In addition, this study 
calculates the electricity cost savings associated with models that include PCDs.   
The results of study show that increasing the temperature setpoint by 2.6℃ during the peak hours 
of the day in the summer season could lead to energy savings between 10% to 70%, depending on 
the city. In addition, the results show costs savings associated with electricity. Midrise apartment 
buildings present the highest cost savings annually with $130 per person for the city of Honolulu. 
These cost savings are the consequence of increasing the temperature setpoints during the 
electricity peak hours of the day when the electricity cost is highest while using PCDs to address 
thermal comfort of occupants. These cost savings are cities’ dependent. This study proposes a 
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method to identified potential cities that could benefit from adopting PCD technology based on 
cooling degree days and electricity rate. Cities with cooling degree days higher than 300 and the 
ratio of peak versus off-peak electricity price of 0.5 or higher, have the potential to show energy 
and cost savings. Overall the adoption of PCD has the potential decrease the cooling energy in the 





Numerical Analysis of Thermal Comfort with PCD 
This chapter focuses on the numerical analysis on the interaction between the human body and 
PCD. Section 5.1 shows a preliminary analysis of centerline velocities as a function of nozzle 
diameter. Section 5.2 describes the CFD models and background information on the approach 
taken in this dissertation. Section 5.3 presents the results of the numerical analysis of the 
interaction between PCD and the human model in cooling mode. Section 5.4 presents the results 
of the numerical analysis of the interaction between PCD and the human model in heating mode. 
Lastly, section 5.5 has a summary of the main findings of this section.  
5.1 Theoretical Analysis of Air-jet Centerline Velocity and Temperature as a Function of 
Nozzle Diameter 
5.1.1 Selection of PCD Air-Nozzle 
The objective of this task is to select an adequate discharge air nozzle for the PCD that fulfils the 
project parameters specified by the sponsor agency (DOE). The criteria for the selection of air 
nozzles includes momentum loss, jet throw distances, and discharge velocities and temperature. 
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This dissertation implements appropriate jet formulae to model the behavior of air jet. In addition, 
the selection of nozzles considers weight, and pressure drops as part of the analysis to select the 
appropriate nozzle for the PCD. The results of this section are implemented in the design process 
of the RoCo device and in the numerical analysis in the flowing section.  
Based on the nozzle selection criteria, this study selected a ball jet type nozzle. This nozzle is 
currently available in the market and among its design characteristics it has small pressure drop 
compared to different types of air nozzles. The low-pressure drop allows the PCD fan to operate 
with relatively low power requirements. Table 5-1 shows the estimated pressure drops for different 
exit velocities representing different airflow rates ranging between 50 cfm to 100 cfm (24 L/s to 
47 L/s). The theoretical analysis, in this section, targets three different air nozzles with outlet 
diameters ranging from 80 mm to 128 mm. The dimensions of the selected nozzles vary according 
to the size of the inlet diameter (D4) and the outlet diameter (D2) shown in Figure 5-1.  
 
Table 5- 1 Pressure drops for nozzles of different diameters and flowrates 
  Initial Velocities [m/s] 
  3 5 7 10 
  Pressure Drop [Pa] 
Nozzle 
Diameters [m] 









Figure 5- 1 Ball jet nozzle dimensions (Vair-Tech manufacturer catalogue) 
 
5.1.2 Analysis of Discharge and Centerline Velocity-Temperature 
 
This dissertation analyses the air discharge velocities as a function of PCD’s nozzle diameter. The 




            
where Q is the flowrate, 𝐴𝑜 is the nozzle area for the jet discharge diameter (D2), and V is the 
discharge velocity. The discharge velocities are based on the PCD specification parameters that 
allow airflow rates ranging between 50 cfm to 100 cfm (23.6 L/s to 47 L/s). As it is expected bigger 
flowrates with smaller areas have higher pressure drops, which increase the discharge velocities. 





Figure 5- 2 Jet discharge velocities vs nozzle diameters 
 
The jet-throw is the distance from the center of the nozzle to a point where the air-stream velocity 
is reduced to a user’s specified value [127]. The jet-throw curves in Figure 5-3 show how the 
center-line velocity changes as a function of the distance for an air nozzle diameter equal to 105 
mm. According to the literature, jet-throw can be estimated using Equation 5-2 when the jet is in 
the fully established turbulent zone (main zone): 
𝑉𝑥 = 𝑉𝑜 ∗ 𝐾 ∗
√𝐴𝑜
𝑥
       
where 𝑉𝑥 is the center-line velocity in m/s at a certain distance, 𝑉𝑜 is the outlet velocity in m/s, K 
is the constant of proportionality, which for free-jets has a value of 6 according to the literature. 
𝐴𝑜 is the area in m
2 around the initial diameter, and 𝑥 is the distance of interest in m. For a diameter 
of 105 mm (0.34 in) at a terminal velocity of 1.5 m/s (295 ft/min) and flow rate of 23 L/s (50 cfm) 






























Figure 5- 3 Jet throw vs centerline velocity for the outlet diameter of 0.105 m 
 
This dissertation follows the expected distance between the occupant and PPCD is 1 m (3.2 ft), 
which DOE specified in the project requirements. Therefore, initial calculation of center-line 
velocity and center-line temperature predict the velocity and temperature at the given distance as 
function of nozzle diameters. The center-line temperature is calculated using Equation 5-3, where 
𝛥𝑡𝑥 is the difference between the local air-stream temperature and the room temperature,  𝛥𝑡𝑜 is 
the difference between the outlet air temperature and the room temperature. Notice that the center-
line velocity and temperature equations, best model the jet behavior when it is in the fully 
established turbulent zone. Figure 5-4 and 5-5 show the calculated center-line velocity and 
temperature, respectively, as a function of the outlet diameter at the target distance of 1 m. Figure 
5-5 (a) shows the cooling mode center-line air temperatures, and Figure 5-5 (b) shows the heating 
mode center-line air temperatures.  
 

















































Figure 5- 5 Center-line temperature vs nozzle diameter at 1 m distance for (a) the cooling mode, 


















































































The outlet diameter needs to have the sufficient area to allow airflow rates that have enough 
momentum to reach the human subject and remove heat from the human body. According to the 
calculated velocities, an air nozzle with diameter less than 0.105 mm (0.34 in), and a flow rate of 
23 L/s (50 cfm) seem to meet the requirements for both the cooling and heating regimes. Numerical 
simulations with CFD and physical testing are the next step to test the selected nozzle diameters 
and the calculated air-jet center-line velocity and temperature. In addition, CFD provides 
perception of thermal comfort expressed by the PMV and PPD thermoregulation model, and the 
amount of heat removed from the human model. Overall, the selected nozzle type has promising 
characteristics to be further investigated with CFD and physical testing.  
5.2 Thermal Comfort Numerical Simulations Models 
While the first research objective explores potential energy savings associated to extended 
temperature setpoints and PCD, the second objective aims to quantify the tradeoffs between energy 
savings and thermal comfort. This section numerically explores, using ANSYS Fluent CFD 
software, the thermal comfort of human subjects exposed to increased and decreased indoor 
temperature setpoints while using PCD for cooling and heating. Additionally, the second task in 
this section is to explore the influence in thermal comfort of different PCD’s air nozzle diameters 
and airflow rates. This investigation explores thermal comfort with two common postures of 
occupants in office buildings, seated and standing, as shown in Figure 5-6. The model for the PCD 
consists of a cylinder with height equal to 0.9 m, a base diameter equal to 40 cm, and three different 
nozzle diameters 0.08 m, 0.10 m, and 0.13 m, as presented in Figure 5-7. The models of human 
body and PCD are located at the center of a virtual room at a 1 m distance from each other, as 
shown in Figure 5-8. The virtual model of the space consists of a room with dimensions equal to 
x= 4.5m, y = 4m and z= 3.5m and a mechanical ventilation that provides approximately 3 air 
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changes per hour (ACH). The indoor temperatures selected for this investigation are between 24 
°C to 30 °C in the cooling mode and 19 °C to 21 °C in the heating mode. This investigation explores 
the effect of three nozzle diameters that supply five different airflow rates, as shown in Table 5-2. 
The PCD being modeled in this study has a 100 Watts cooling capacity; consequently, the air 
temperature supply increases as the airflow rate increases. Furthermore, this study aims the air-jet 
towards the chest of the human mode. Therefore, the air-jet orientation had to be upward at 
different angles, especially for the standing model. Table 5-2 shows the discharge air velocity, 
orientation angles, and air temperature for each airflow rate. 
 
 




























Figure 5- 8 Virtual Room Models for CFD Study with Seated and Standing Posture 
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Table 5- 2 Discharge Air Velocity and Temperature for each Airflow rate 
Seated (Front, Back) Cooling mode  
Case  























3 0.21 26 
25 4 2.36 0.17 19 
50 4 4.72 0.33 22.5 
75 4 7.09 0.5 23.6 
100 4 9.44 0.66 24.2 
125 4 11.81 0.83 24.6 
 Standing (Front, Back) Cooling mode  
Case  























3 0.21 26 
25 20 2.36 0.86 19 
50 20 4.72 1.72 22.5 
75 20 7.09 2.58 23.6 
100 20 9.44 3.44 24.2 
125 20 11.81 4.3 24.6 
 
The human body model for both cases, seated and standing, is divided into 17 parts with a total 
surface area of 1.5 𝑚2. This investigation assigns individual thermal resistance cloth values as 
recommended in ASHARE 55 [46], except to face and hands, which are assumed to be naked. The 
clothing level considered in this study are a bra (0.001 clo), panties (0.03), long sleeve dress shirt 
(0.25 clo), thin straight trousers (0.15 clo), athletic socks (0.02 clo), and shoes (0.02 clo). In 
addition, this investigation provides individual human body parts with convective and radiative 
heat transfer coefficients according to Table 5-3 for the seated model and Table 5-4 for the standing 
model [107]. The convective and radiative heat transfer coefficients come from empirical formulas 
based on experimental data. These convective and radiative correlations are suitable for velocities 
that are within and actual PCD provide [126]. In addition, these coefficients substitute the ones 
calculated by ANSYS Fluent, which tend to overestimate these coefficients due to wall functions. 
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Table 5- 3 Convective and Radiative Heat Transfer Coefficient and Thermal Resistances for 
Seated Model 
 
V < 0.1 m/s V > 0.1 m/s 
Face 4.9V0.73 0
Head 4.9V0.73 0.089
Chest 3 9.1V0.59 3.4 0.04
Back 2.6 8.9V0.63 4.6 0.039
Pelvis 2.8 8.2V0.65 4.8 0.028
L. Foot 12.8V0.55
R. Foot 13.0V0.54
L. Low er Leg 12.9V0.56



































Convective heat transfer 












The grid configuration used for the CFD models has approximately one million cells and a Y+ 
around the human model that varies between 2.0 and 4.0. Likewise, the aspect ratio for the grid 
configuration varies between 1 and 5. Air movement in indoor environments is mainly associated 
to forced convection and natural convection. In this investigation the force convection part is 
associated to the room’s ventilation system and the air jet from PCD. On the other hand the natural 
convection is associated to the natural thermal plume generated by the human body. In order to 
model the air flow effects in the space, the mass (equation 5-3), momentum (equation 5-4), and 
energy (equation 5-5) conservation equation are solve simultaneously using the finite volume 
method. In order to include the buoyancy effects of air (natural ventilation) the Boussinesq 
approximation was used. Likewise, the RNG k-ε turbulent model was used in this investigation. 
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The boundary conditions for the solution of these equations are: no slip adiabatic conditions for 
walls and surfaces, velocity inlet for room air supply and PCD air supply/suction opening, pressure 
outlet for the room air outlet opening, and no slip, temperature surface for each body part, which 







(𝜌𝑢𝑘) = 0   
Equation 5-3 Mass Conservation 

























Equation 5-4 Momentum Conservation 
where µeff is the effective viscosity, p is the hydrostatic pressure, gi is the body force, and δkj = 1 if 




(𝜌𝐸) + ∇. (?⃗? (𝜌𝐸 + 𝑝)) = ∇.(𝑘𝑒𝑓𝑓∇𝑇 − ∑ℎ𝑗𝐽 𝑗
𝑗
+ (𝜏𝑒𝑓𝑓. ?⃗? )) 
Equation 5-5 Energy Conservation 
where keff is thermal conductivity of air, Jj is the diffusion flux, E is the air enthalpy, kinetic energy, 
and potential energy.  
This thesis uses a validated Computational Fluid Dynamic (CFD) model coupled with PMV 
thermoregulation model to calculate the heat removed from the human body and the thermal 
sensation of the virtual model. Figure 5-9 illustrates the iterative process of the coupling CFD and 
the PMV thermoregulation model. The coupled simulations process enables frequent updates to 
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the temperature boundary condition at each surface mesh of the virtual human body model. These 
frequent updates on the human body surface mesh allow the calculation of heat removed associated 
with the virtual PCD model. This study accounted for the human model heat loss driven by 
radiation and convection only with and without using the PCD device. The difference between the 
PMV with PCD and without PCD is the overall thermal sensation associated with PCD. Equation 




Figure 5- 9 CFD and PMV Iterative Process 
 
∆𝑃𝑀𝑉 = 𝑃𝑀𝑉𝑤𝑖𝑡ℎ𝑃𝐶𝐷 − 𝑃𝑀𝑉𝑤𝑖𝑡ℎ𝑁𝑂𝑃𝐶𝐷 
∆𝑃𝑀𝑉 = −[0.303 𝑒−0.036𝑀 + 0.028] ∗ (𝑄𝑠 − 𝑄𝑠𝑃𝐶𝐷) 
Where: 
M is the metabolic rate of the human body. 
𝑄𝑠 is the sensible heat rejected from the human body with no PCD 




5.3 Results of Numerical Analysis of Cooling Mode 
This study focuses on the air-jet velocity magnitude distribution, air-jet temperature distribution, 
surface mesh temperature distribution for the human body, and the heat fluxes from the human 
body. An operational objective during the cooling mode for the PCD is to remove approximately 
23Watts of sensible heat from the human body. The CFD results for seated and standing models 
indicate that approximately 23 Watts of heat are lost to the environment when using a 0.08 m and 
0.10 m nozzle diameter at airflow rates equal to 35 L/s (100 cfm) and 47 L/s (75 cfm), respectively 
as shown in Figure 5-10. Therefore, this investigation choses to continue study using 0.08 m nozzle 
diameter to test the effect of different airflow rates.    
Sitting Model 
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Figure 5- 10 Sensible Heat loss vs Airflow rate for Different Airflow Rates for Seated and 
Standing Model 
 
During cooling operation the PCD provides cooling by working against the natural thermal plume 
of the human body. For this case, the air jet could target the torso, back, or side of the human body, 
which enhance heat transfer due to the available surface area. For the standing occupant, Figure 5-
11 (a) shows the air jet leaving the PCD at an angle of approximately 20˚ to reach the occupant’s 
torso. Similarly, for the seated model, Figure 5-11 (b) shows the air jet traveling in a straight line 
to reach the occupant. These figures show the air-jet supplied by PCD great speed drop from the 
center-line to the surroundings. The dissipation of the air-jet velocity carries out behind the human 
mode.   
y = 0.371x - 2.264
R² = 0.9920
y = 0.308x - 3.312
R² = 0.9959
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Figure 5-12 shows the velocity flow field of various airflow rates associated with PCD. A 
convective flow field around the human body is present when not using PCD (0 cfm). This 
convective flow field is dominated by natural convection around the human body. As the PCD 
starts operating, the convective flow field around the human body disappears due to the higher 
momentum of the air-jet being supplied from the PCD. The spreading of the air-jet velocity at low 
cfm (25 cfm) suggest a fast degeneracy of the cooling capacity of the air-jet. As the airflow rates 
increase, the air-jet velocity profile does not spread to the environment due to higher momentum. 
This increase velocity delivers more air-jet cooling capacity to the human body but it could have 
a negative effect related to risk of draft.  
 
 
Figure 5- 12 PCD Air-jet Velocity Flow Field at Different Airflow Rates 
 
Figure 5-13 shows a contour map of the temperature field for the CFD models in cooling mode. 
The temperature profile for the model with no PCD shows a consistent temperature of 26.5℃ in 
the room and a temperature of 27.5℃ for the air around the human body, which is the effect of 
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natural thermal plume of the human body. As the PCD starts supplying cooled air, it pushes away 
the natural thermal plume. In addition, as the airflow rates increase the air-jet temperature increases 
due to the fixed cooling capacity. However, higher airflow rates allow more uniform temperature 
around the torso of the human body, as shown in Figure 5-14. Similar effect is observed in the 
standing model.  
 






Figure 5- 14 PCD Air-jet Temperature Flow Field at Different Airflow Rates 
 
The analysis of thermal comfort in this study is approach by the PMV and PPD thermoregulation 
model. The baseline model for comparison purposes simulates an environment with a local air 
temperature at 26.7 ˚C without PCD where PMV and PPD values are calculated iteratively. The 
results indicate that the baseline model for the standing case has a PPD equal to 11%, and the body 
heat loss equals to 70.4 Watts. Similarly, the base model for the seated case has PPD value equal 
to 5.1 percent, and the body heat loss equals to 71.5 Watts. The PPD for both cases technically 
indicate that the environment is already comfortable without the need of PCD. However, these 
thermoregulation models do not account for human thermal preferences and physiology that are 
drive thermal sensation and comfort. Adding PCD to the environment slightly increases PPD 
values for the standing case and dramatically increases PPD values for the seated case, as shown 
in Figure 5-15 (a) and (b). PPD increases because the room temperature lies inside the thermal 
comfort zone defined by ASHRAE 55. Therefore, these results suggest the potential to further 
increase of building’s temperature setpoints outside the thermal comfort zone during the summer 
condition. While PPDs for the standing case increase between 5 % and 10 % for the airflow rate 
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tested, the PPD values for the seated case increase from 7 % to 48 %. The difference in PPD 
between these two cases is mainly due to the different metabolic rate for each case (1.6 met 
standing and 1.2 met seated). In the standing case the human body generates enough heat to be 
removed by the PCD. On the hand, the seated case generates lower energy, which causes the high 





Figure 5- 15 Percent People Dissatisfied (a) Standing model, and (b) Seated model as a Function 






























Cooling Capacity 100 Watts
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5.4 Results of Numerical Analysis of Heating Mode 
In the heating mode the idea is to enhance the formation of the natural thermal plume of the human 
body. Therefore, this investigation oriented the PCD’s air-jet towards the floor to reduce its 
momentum and allow it to mix with the human thermal plume. Similar to the cooling mode, the 
heating mode analyses a seated and standing case. Figure 5-16 shows the air-jet velocity profile 
for the seated case model. This investigation used low airflow rates to limit force convection and 
allow the formation of natural convection as a consequence of the warm air supplied by the PCD. 
Table 5-5 shows the airflow rates and air discharge temperature tested in this investigation. In 
addition, this investigation explored the effect of varying the distance-position of the device 
relative to the human body, and different clothing level. Three clothing levels were tested in the 
analysis, 0.97 clo, 1.2 clo, and 1.5 clo. According to ASHRAE Standard 55 [46], a clothing level 
of 1.0 clo typically represents a complete business suit and increasing the clothing level represents 
adding an additional layer of clothing under the suit such as a sweater. Lastly, the local air 
temperature in the room was 19 ˚C.    
 
Figure 5- 16 PCD Air-jet Velocity Flow Field at Different Airflow Rates 





Table 5- 5 Airflow Rates and Air Discharge Temperature 
Air Flowrate [L/s] 5.9 (12.5 cfm) 12 (25 cfm) 17.7 (37.5 cfm) 
Air temperature [˚C] (100 Watts) 33˚C (91˚F) 26˚C (79˚F) 23˚C (73˚F) 
Air temperature [˚C] (150 Watts) 42˚C (108˚F) 32˚C (90˚F) 28.6˚C (83˚F) 
 
Similar to the cooling analyses, this investigation created a baseline model with a local air 
temperature at 19 ˚C and without using a PCD. The results indicate that the PPD value for the 
seated base model is 61 % and 16 % for the standing base model. The difference in PPD for the 
standing and seated cases is due to the human body energy generation associated to each case. 
Figure 5-17 (a) and (b) show the PPD results for the seated and standing cases, respectively. 
According to these results, the system is able to reduce PPD values of the seated case from 61 % 
to a range of 40 to 50 %, depending on the airflow rate, with a heating capacity of 100 Watts. 
However, increasing the heat capacity of the device to 150 Watts allows PPD values for the same 
case to fall to a range of 31±2 %. Further reduction of PPD is observed when clothing level is 
increase from 0.97 clo to 1.2 clo and subsequently to 1.5 clo, where PPD values fall below 25 %. 
In addition, reducing the distance between the user and the device also report low PPD values. The 
PPD values for the standing case also decrease to a range of 5±0.5 %, which means the overall 
environment improves. However, due to technical and financial limitations the project does not 







Figure 5- 17 Percent People Dissatisfied (a) Standing model, and (b) Seated model as a Function 
of Airflow Rates in Heating Mode 
 
5.5 Summary 
The numerical analysis of the micro-environment created by PCD demonstrates that it is possible 
to remove approximately 23 Watts of sensible heat from the human body using an air nozzle of 
diameter equal to 8.0 cm, an airflow rate equal to 35 L/s (75 cfm), and 100 Watts cooling capacity. 
In addition, the results show a linear relationship between airflow rate and sensible heat removed 
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from the human body. Airflow rates higher than 75 cfm more than 25 Watts of heat is removed 
from the human body. This indicates that the device is performing as intended and meets the 
required heat removal from the project specifications. In addition, the PPD calculations show a 
26% dissatisfaction for seated model and a 5% dissatisfaction for standing model, which is under 
required PPD of 20% set by industry standards (ASHRAE) and the sponsoring agency Department 
of Energy (DOE). The results also indicate that PCD creates an uncomfortable environment for 
the seated model and a comfortable environment for the standing model. This discrepancy is 
associated with the amount of hear that the human body is set to generate under the two conditions, 
where the standing model generates more heat than the seated model. This specific result allows 
the study to propose higher operative room temperatures since the current room temperature is still 
within the comfort zone defined by ASHRAE55.   
In heating mode, this study analyses parameters such as two heating capacities (100 Watts and 150 
Watts), the device’s position and distance with respect to the human body, and clothing level to 
determine their effect on the thermal comfort calculations. In the heating mode, this study oriented 
the air nozzle towards the floor with the intend to reduce its momentum and use natural convection 
to create a warm microenvironment around the human body. Increasing the heating capacity of the 
from 100 Watts to 150 Watts reduces the PPD for the seated and standing model. The increase 
heating capacity reduces the PPD values lower than 20%, which is the target for this study. Further 
reduction in PPD values are possible when increasing the clothing level set to the human models. 
The difference in position, and small difference in distance does not significantly change the PPD 
values. In the heating the airflow rates range between 12.5 cfm to 38 cfm in order to limit force 
convection. Based on the technical limitation of the real PCD, small airflow rates are technically 
difficult to maintain reliably; additionally, financially a heating PCD using phase-change material 
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will not be able to compete with current heating devices. Therefore, further research with heating 
mode of operation was not conducted. 
Chapter 6 
Experimental Analysis of Thermal Comfort with Data-Driven Approach with PCD 
This chapter provides an experimental analysis of the influence of PCD on the thermal comfort of 
human subjects. This study correlates physiological variables to the subjective responses of human 
subjects regarding their thermal comfort experience. Section 6.1 describes the experimental 
objective and variables of interest. Section 6.2 details the physiological information of the human 
subjects that participated in the study. Section 6.3 details the experimental protocol. Section 6.4 
describes the physiological variables being monitored in these experiments. The data analysis 
applied in this study is in section 6.5. Section 6.6 presents the results of the study in terms of 
subjective responses and the response of each physiological variable of interest.  Section 6.7 
presents a discussion on the results of controlled-experiments that are part of this study. Lastly, 
section 6.8 summarizes the key findings of this study.  
6.1 Experimental Assessment of Thermal Comfort 
The third objective is to experimentally examine the influence of PCD on personal thermal 
comfort. The experiments replicated the setups of the numerical analyses described the previous 
section. Forty human subjects were exposed to different environmental temperatures with access 
to a PCD. The metrics for the evaluation of the thermal effect of PCD were thermal comfort survey 
and the monitoring of physiological variables related to human body thermoregulation process.  
Human characteristics such as gender, body mass index, activity level, and clothing level have a 
strong influence on thermal comfort, so this study made note of these factors for the thermal 
comfort evaluation of PCD. The relationship between physiological variables and thermal comfort 
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opens the opportunity to objectively explore individual thermal comfort under the influence of 
PCDs in different building environments. This study used physical variables of human subject, the 
experimental procedure, and the instrumentation that lead to the development and execution of the 
experiment. This study monitored skin temperature, heart rate, and heart rate variability (HRV) to 
capture changes associated with thermal comfort while using PCDs.  
As this study did not collect any samples from occupants, the experimental protocol belongs to the 
social science subclass and the University of Maryland (UMD) IRB office has approved and issued 
the required IRB approval documents. The collected occupant information and feedback is 
analyzed, using statistical methods, to find patterns or trends that correlate physiological response 
to the thermal comfort and local air temperature provided by the PCD. These patterns or trends 
could be used to assess induvial thermal comfort and enable a new path to automate a data-driven 
evaluation of thermal comfort. 
6.2 Information on human subjects 
Overall 40 human subjects participated in the experiment, which include 20 males and 20 females. 
The recruitment process takes place via email with the target audience being the University of 
Maryland (UMD) student population. Students who volunteer to participate will receive a 
compensation of $10/hour. In every experiment, each human subject provides information 
regarding their physical conditions such as body weight, height, age, and gender. According to 
their body mass index (BMI), most of the human subjects in the experiment are classified as normal 
weight (18.5 – 24.9) and overweight (25 – 29.9) as shown in Figure 6.1. Similarly, the age 
distribution of the human subjects ranges from 20 to 29 years old, with an outlier of 43 years old. 
Most of the human subject are students at the university of Maryland College Park. As part of the 
experiment, each human subject is required to wear office type clothing (pants, shirt, and closed-
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shoes), which limits the clothing level variable to approximately 1.0 clo. The selection criteria for 
human subjects specifies healthy adults with no ongoing fever, clod/flu symptoms, or chronic 
diseases that could potentially affect the physiological variables being monitored. Among the 40 
human subjects, 10 were discarded due to invalid data provided by the human subject regarding 
their comfort level or faulty functioning of the data collection device. In addition, 6 human subjects 
(4 women and 2 men) reported comfortable values throughout the experiment and did not 
requested the PCD; therefore, they were discarded from the analysis. From 10 human subjects this 
study was only able to obtain heart rate and skin temperature. Therefore, the major results in this 
paper that includes skin temperature, heart rate, and HRV are presented for 14 human subjects. 
 
 
Figure 6- 1 Human Subject BMI Distribution 
 
6.3 Experimental Procedure 
Each of the experiments lasted for two hours. The initial room temperature was 27 ± 1℃ at the 
point of arrival of human subjects. This temperature was maintained during the first 50 minutes of 
each experiment. Then, the room temperature was increased and maintained at 29 ± 1℃ during 
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the second hour of the experiment, as shown in Figure 6-2. These temperatures are generally 
experienced by building occupants in indoor spaces, and they are at upper limit of the 
recommended operating temperatures in ASHARE 55 [52]. During the time of the experiment, 
human subjects reported their thermal sensation and comfort level based on a 7-point scale and 3-
point scale [52], as shown in Figure 6-3. In addition, they wore a bracelet type data collection 
device that monitored their heart rate, heart rate variability, skin temperature, and galvanic 
response. Similarly, 20 out of 40 human subjects wore heat flux sensors and temperature sensors 
around the torso area to determine the actual heat flux of their bodies. Throughout the experiment 
each human subject had the option to request, deny, or stop the use of the PCD at any point of 
time. The majority of human subjects requested the PCD during the second hour of the experiment 
at a room temperature of 29± 1℃. The PCD was located to the left or right of the human subject 
at approximately 1±0.5meter distance. The PCD supplied cooled air towards the upper body, 
specifically torso and face. The PCD had a consistent temperature differential of 5℃ when 
compared to the room temperature and airflow rates between 18.8±5 L/s to 28.3±5 L/s. Although 
the PCD could provide higher flowrates, they were not used due to risk of draft associated to high 
air velocities.  
 
Figure 6- 2 Experimental Room Temperature Profile 
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6.4 Physiological Measurements 
The heart rate was measured based on the photoplethysmography (PPG) principle, which estimates 
the heart rate based on the light intensity reflected from the blood vessels located in the fingertip.  
Similarly, the data obtained from the PPG sensor was used to estimate HRV in the time domain 
and frequency domain. The sampling frequency used by the PPG sensor was set to 330 Hz. The 
HRV measured with PPG sensors show the same trend and respond characteristics as the HRV 
measured from an electrocardiogram (ECG), especially the LF/HF ratio and the time domain 
variables such as the SDNNA, under different environmental temperatures [128]. Furthermore, the 
non-intrusive functionality of the PPG sensor allows the development of a wearable data collection 
device shown in Figure 6-4 (a).  The skin temperature is monitored on the upper writs part of the 
non-dominant hand. Multiple studies suggest that the dorsal region of the hand is more thermal 
receptive due to the presence of the main arteries that conduct heat from the inside to the outside 
of the human body during thermoregulation process [129] [112] [130]. The skin conductance 
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correlates to the sweat glands that are an essential part of the thermoregulation process of the 
human body [131]. However, the range of air temperature used in this study did not challenge the 
human body to activate sweat responses. Additionally, according to a study, sweat is the last stage 
of the thermoregulation process consequently it does not offer temporal interpretation of the 
thermoregulatory process [106]. In addition, the presence of the PCD mitigated the presence of 
sweat since its air supply helps the human body to remove excess heat.  
6.2 Environmental Chamber Setup and Instrumentation 
The environmental chamber setup replicates an office space with two desks and two computers for 
the experiment, as presented in Figure 6-4 (b). The environmental chamber allows environmental 
temperature and air supply control. Each subject had a computer where they performed office type 
activities such as reading, writing, and typing. This study built a bracelet type device for skin 
temperature, heart rate, HRV, and environmental air temperature and humidity using commercially 
available sensors that are supported by Arduino devices. The technical details of each sensor are 
shown in Table 6-1. The sensors used in this study were connected to a micro-controller Arduino 
pro-mini 5V and packaged in a 3D printed bracelet-type device, as shown in Figure 6-4 (b). This 
micro-controller was programmed in-house to collect the analog signals at 2 Hz and 330 Hz for 
the skin temperature and heart rate, respectively. A DHT-22 sensor was used to monitor the 
ambient temperature and relative humidity of air in the proximity of the human body. All the data 
was sent, stored, and analyzed in a server located in-house. The PCD device used in this study is 
the Prototype Y2V1 Ice RoCo, technical details of this device-technology are specified in the 
literature [132][126]. Overall, this PCD has the capacity to output a temperature differential of 5℃ 
when compared to the room temperature and airflow rates between 18.8±5 L/s to 28.3 ±5 L/s for 




















Table 6- 1 Technical Description of Sensors Used in the Experiment 
Sensors Technical Information 
Arduino Pro Mini ATmega 328 chip, 5 Volts, 16 MHZ 
Pulse Sensors Amped 5 Volts 
DHT22 Temperature and 
Humidity 





%, ±0.5 Temperature resolution 
GSR sensor Module 5 Volts 
 
6.5 Data Analysis 
All the collected data was processed off-line using Matlab 2017a. The raw data from the PPG 
sensor was processed using an in-house developed software to calculate heart rate and heart rate 
variability (HRV). After extracting the pulse-to-pulse time interval of the heart from the heart rate 
data, HRV was calculated in the time and frequency domain using standard deviation tools and the 
power spectral density of the time series, respectively. While the heart rate was calculated in a 
minute-based interval, HRV paraments were calculated in a 5 minutes interval as suggested in the 
 





Figure 6- 4 (a) Chamber SetUp, (b) Arduino Based Bracelet Type Data Collection Device 
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literature [133]. The data analysis concentrated on significant differences in physiological values 
caused by the PCD. Since the PCD device was the only external change during the experiments, 
all significant differences are attributed to it. Therefore, a one-way ANOVA was implemented as 
the analysis method to show the statistical difference in skin temperature, heart rate, and HRV, for 
scenarios before and after starting the use of the PCD device. This study used a 95% confidence 
interval in the ANOVA analysis.  
6.6 Experimental Results 
This study evaluated the effect of PCD on the human body. Each human subject reported their 
comfort level every 10 minutes. In addition, the skin temperature, heart rate, and heart rate 
variability were monitored during the experiments and these variables were correlated with the 
comfort level reported by human subjects in a survey.  The population sample size of human 
subjects is relatively small, but representative as indicated in the literature of thermal comfort 
studies [76][103][104]. The results in our experiments demonstrated that the PCD has a positive 
subjective as well as a physiological effect on thermal comfort that could be monitored and 
measured with a bracelet-type device detailed in the previous section.  
During the experiments, human subjects reported different thermal comfort levels under the same 
environmental conditions. However, the subjective comfort data reported by most of the human 
subjects during the experiments showed a consistent pattern of very uncomfortable, uncomfortable, 
and neutral comfort levels before requesting the PCD. After requesting the PCD, the thermal 
comfort values reported by human subject vary from neutral, comfortable and very comfortable, 
as shown in Figure 6-5. This figure shows a histogram distribution of the comfort responses 10 
minutes before requesting the PCD, at the moment of requesting the PDC, and 10 minutes after 
requesting the PCD. The thermal comfort values 20 minutes before and 20 minutes after requesting 
95 
 
the PCD looked almost identical to the distribution presented in Figure 6-5 (a) and Figure 6-5 (c), 
respectively; therefore, they were not included in this section. The fact that human subjects 
reported the same thermal comfort values after requesting PCD suggested that the PCD is able to 
maintain a comfortable environment for the human subjects. Besides these subjective data, this 
study also explored the physiological responses due to the PCD’s presence, such as the response 
of skin temperature, heart rate, and heart rate variability (time domain and frequency domain). The 
results present statistical analysis of these variables during “uncomfortable” state before requesting 
the PCD and “comfortable” state after requesting the PCD. Furthermore, the results show a 
relationship between each physiological variable and the comfort state reported during the 
experiments. Due to the individual differences in thermal comfort and thermal sensation, the 
timing for requesting the PCD varies among human subjects. Therefore, to have a consistent 
comparison among human subjects, the results present a time frame of 20 minutes before and after 
requesting the PCD. Lastly, the experiments were divided into two stages, the first stage monitored 





(a) Subjective Responses 10 min before Requesting PCD 
 
























































































(c) Subjective Reponses 10 min After Requesting the PCD 
Figure 6- 5 Distribution of Comfort Responses (a) 10 min before, (b) during, and (c)10 min After 
Requesting the PCD 
 
6.6.1 Skin Temperature  
The induvial differences and characteristics of each human subject manifested in the skin 
temperature response during the experiments. The skin temperature values for human subjects 
during the experiments ranged from 29℃ to 35.5℃. Even though the skin temperature magnitude 
was different among human subjects, they all shared similar response pattern for skin temperatures 
that increased during the beginning of the experiment until the human body and the environment 
reached thermal balance. This balance was maintained until each human subject reported being 
thermally uncomfortable and requested the PCD for local cooling. At that time, the skin 
temperature started decreasing until, again, it reached a steady state value based on a new thermal 
balance between the human body and cool air jet provided by the PCD. Figure 6-6 shows the skin 










































variability in skin temperature values among human subjects indicates the differences in 
thermoregulatory system of each person. 
 
Figure 6- 6 Skin Temperature over 20 minutes before and after Requesting PCD 
 
Table 6-2 shows the results of an ANOVA test with the statistical difference, P-value <0.0001, 
between the skin temperature before and after requesting the PCD. The results presented in this 
section correspond to data obtained before and after human subjects requested the PCD. It is 
important to note that the majority of human subjects reported being thermally uncomfortable or 
uncomfortable before requesting the PCD. Figure 6-7 shows the box plot of the aggregated skin 
temperature data for all the human subjects. Since the mean skin temperature values for 
uncomfortable and comfortable conditions do not overlap, the conclusion, with a 95% confidence, 
is that the true medians for the uncomfortable and comfortable cases differ. The overlap of the 
whiskers in the box plot, besides indicating extreme data points, they also indicate a fairly high 
variability of the skin temperature values among human subjects. These temperature values 
decreased by 2oC on average in response to the microclimate created by PCD. Specifically, within 
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10 to 15 minutes, the majority of human subjects reach steady-state for their skin temperature. The 
difference in time required to reach steady-state is a consequence of the individual 
thermoregulatory system of human subjects. Nonetheless, the significant difference in skin 
temperature is a consequence of the presence of the PCD since it is the only changing condition 
during the experiments. 
Table 6- 2 Results of ANOVA test with Skin Temperature Data Between Uncomfortable and 
Comfortable Conditions 
ANOVA Results Uncomfortable vs Comfortable Skin Temperature (p-
value < 0.001) 
 N. of Human Subjects Mean [℃] STD [℃] 
Uncomfortable  11 32.6 1.3 
Comfortable 11 30.5 1.5 
 
 
Figure 6- 7 Skin Temperature Boxplot Uncomfortable vs Comfortable 
               
6.6.2 Heart Rate Response 





















the same temperature changes. Nonetheless, heart rates were different among all the human 
subjects. Figure 6-8 shows the average heart rate for human subjects in the 20 minutes time period 
before and 20 minutes after requesting the PC device. The heart rates of each human subject 
showed slight changes during the experiments, with decreasing values for most of the human 
subject after requesting the PCD for local cooling. The heart rate changes observed in the 
experiments are not significant since the human body was not subject to a drastic temperature 
change that could lead to a significant change in heart rate. These results are consistent with the 
results found in the literature, where the heart rate of 14 human subjects showed no significant 
differences in similar operative indoor temperatures [93]. However, there is a trend of slightly 
higher heart rate just before the human subjects requested the PCD, indicating the activation of the 
thermoregulatory process of the human body.  
 
Figure 6- 8 Heart Rate over 20 minutes before and after Requesting PCD                  
The ANOVA analysis of the comparison of heart rates before and after requesting the PCD are 
shown in Table 6-3. This analysis specifically focused on the difference in heart rate when the 
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human subject reported being thermally uncomfortable and comfortable. The results of the 
ANOVA test demonstrated a lack of statistical difference, P-value > 0.5, in heart rates before and 
after using the PCD. The lack of statistical difference could be attributed to the high deviation in 
the heart rate data shown in Figure 6-9. Even though there is no statistical difference in heart rates 
before and after requesting the PCD, there is a decreasing trend in heart rates by 5 bpm (beats per 
minute) on average, as shown in Figure 8. The decreasing trend of heart rates is a sign that the 
thermoregulation system of the human body is less active when using PCD.   
Table 6- 3 Results of ANOVA test with Heart Rate Data Between Uncomfortable and 
Comfortable Conditions 
ANOVA Results Uncomfortable vs Comfortable Heart Rate                  
(p-value > 0.05) 




Uncomfortable  11 77.4 9.4 
Comfortable 11 75.1 8.2 
 
 
Figure 6- 9 Heart Rate Boxplot Uncomfortable vs Comfortable             
 




















The SDNNA values over time, the standard deviation of time beats, showed a time-dependent 
variation that is individual for each human subject and represented by the deviation bars in Figures 
6-10 (a) and 6-10 (b). The low individual SDNNA values correspond to uncomfortable conditions, 
and the high individual SDNNA values correspond to comfortable conditions in the experiments. 
This response of SDNNA values is consistent with the SDNNA patterns reported in the literature 
by Kim et.al [134]. The variation of SDNNA values was due to temperature changes. In general, 
as human subjects became thermally uncomfortable, SDNNA values consistently decreased until 
the PCD is requested for local cooling. After requesting the PCD, SDNNA values increased and 
human subjects reported being thermally comfortable. The results observed in this study are 
similar to results supported in the literature, where higher SDNNA values are observed in 
comfortable (less stress) scenarios [128][135]. 
Our experiments indicate two distinct groups of human subjects with respect to the SDNNA 
variations in response to temperature changes. Specifically, the first group of human subjects had 
a low-individual SDNNA variation of approximately 60 ms, and the second group of human 
subjects had a high-individual SDNNA variation of approximately 100 ms based on the observed 
responses. The results for human subject with low SDNNA variation values are shown in Figure 
6-10 (a). This group of human subjects seemed to tolerate higher temperatures as they requested 
the PCD device during the environmental temperature equal to 29± 1℃, which corresponds to the 
second hour of the experiment. In contrast, human subjects with high SDNNA variation values, 
shown in Figure 6-10 (b). requested PCD earlier in the experiments. This group of human subjects 
seemed to have lower tolerance to high temperatures since they requested the PCD device at the 
environmental temperature equal to 26± 1℃ that corresponds to the first 50 minutes of the 
experiment. The individual variation of SDNNA values could be an indicator of the 
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thermoregulatory system activity for each human subject. These SDNNA values could be used to 
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The ANOVA analysis of SDNNA values before and after human subjects requested PCD indicates 
that there exists a statistical difference with p-value < 0.001, as shown in Table 6-4. These SDNNA 
values also correspond to human subjects reporting being thermally uncomfortable and 
comfortable. The statistical difference found in this section must be attributed to the microclimate 
created by the PCD, with a 95% confidence interval. The difference in SDNNA values before and 
after requesting PCD suggest the ability of PCD in delivering a comfortable microclimate to each 
human subject. Specifically, the warm temperatures lead to consistent time between heart-beats to 
activate the thermoregulatory processes, such as vasodilation for heat rejection. The microclimate 
created by the PCD enhanced the heat removal from the human body, leading to less consistent 
time between heart-beats that increased the SDNNA values. The less consistent time between 




Table 6- 4 Results of ANOVA test with Heart Rate Data Between Uncomfortable and 
Comfortable Conditions 
ANOVA Results Uncomfortable vs Comfortable Stand. Deviation of 
NN time intervals (p-value < 0.001) 




Uncomfortable  11 63.4 24.3 
Comfortable 11 80.9 33.7 
 
Figure 6-11 shows the box plot of the aggregated SDNNA data for all human subjects. The mean 
SDNNA values for comfortable and uncomfortable thermal states do not overall, which indicates 
at a 95% confidence interval, the statistical difference between the two cases. The overlap of the 
box and whiskers indicate the high variability in the data that corresponding to different human 
subjects. This result suggests that while SDNNA values could be high for some human subjects, 
the same set of SDNNA values could be low for other human subjects. Overall, the results in 
Figure 6-11 show the increasing trend of SDNNA values when human subjects reported being 




Figure 6- 11 Standard Deviation of NN Intervals Heart Beat Boxplot Uncomfortable vs 
Comfortable 
 
6.6.4 Heart Rate Variability (Frequency Domain) 
 
Figure 6-12 (a) and Figure 6-12 (b) show the time-dependent variation of LF/HF ratios for 20 
minutes before and 20 minutes after requesting the PCD. The LF/HF ratios in this time frame were 
distinctively different among human subjects. Nevertheless, the majority of human subjects 
showed an increasing trend of LF/HF ratio as they reported being thermally uncomfortable in the 
environment. After the human subjects requested the PCD, the LF/HF ratios started decreasing as 
human subjects reported better thermal comfort levels. Similar to the analysis of SDNNA values, 
this study grouped human subjects according to the magnitude variation of in the LF/HF ratios. 
Human subjects with high magnitude variation and lower LF/HF ratio are shown in Figure 12 (a). 
This group of human subjects had higher tolerance to high temperatures since they requested the 
PCD during the second hour of the experiment. In contrast, human subjects with lower-magnitude 
of LF/HF ratios and higher LF/HF ratio requested the PCD during the first hour of the experiment. 

























observed in this study suggests that high LF/HF ratios correspond to uncomfortable thermal levels 
for the human body and lower LF/HF ratio corresponds to comfortable levels for the human body. 
These results lead to the possibility of addressing individual thermal comfort based on the LF/HF 
ratios of human subjects. This analysis could also be an indicator of the performance of the PCD 










































Figure 6- 12 (a) LF/HF Ratio of High Variability Human Subjects (b) LF/HF Ratio of Low 
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The ANOVA analysis comparing the LF/HF ratios before and after requesting the PCD shows a 
statically difference with (p-value <0.001). The comfort levels reported by the majority of human 
subjects before requesting the PCD varied from very uncomfortable to uncomfortable. Similarly, 
the comfort levels of human subjects after requesting PCD varied from neutral to comfortable. 
Therefore, the ANOVA analysis also indicates that there is a significant difference between LF/HF 
ratios at uncomfortable and comfortable thermal levels, as shown in Table 6-5. In these 
experiments, when the human subjects felt thermally uncomfortable, their LF/HF ratio had higher 
values compared to the LF/HF ratio when the human subjects felt thermally comfortable. The high 
LF/HF ratios in these experiments indicated the activation of the sympathetic nervous system, 
which activates and controls the thermoregulatory system for heat rejection. Furthermore, the 
decrease in LF/HF ratios indicated lower thermal stress on the human body due to the microclimate 
provided by the PCD. Human subjects had distinct LF/HF ratios between uncomfortable and 
comfortable levels during the experiments. Therefore, the box plot shown in Figure 6-13 shows an 
overlap between the boxes and the whiskers. This suggest that while some LF/HF ratios could be 
high for some human subjects, the same LF/HF ratio could be low for other human subjects.  
  
Table 6- 5 ANOVA Results Uncomfortable vs Comfortable LF/HF Ratio (p-value < 0.001) 
ANOVA Results Uncomfortable vs Comfortable LF/HF Ratio                         
(p-value < 0.001) 
 N. of Human Subjects Mean  STD  
Uncomfortable  11 3.2 1.0 





Figure 6- 13 LF/HF Ratio Boxplot Uncomfortable vs Comfortable 
 
 
6.6.5 Relationship between Physiological Variables and Comfort Level 
All human subjects were exposed to the same environmental temperatures for the same period of 
time. Each human subject was provided with a table to report their comfort level every 10 minutes 
for the duration of the experiments. However, the different reported comfort levels showed 
induvial differences among human subjects, which are directly linked to the individual thermal 
preferences and their thermal adaptation capacity. These differences were also present in the 
physiological parameters that were monitored during the experiments. The analysis in the previous 
section demonstrated statistically significant responses of skin temperature, SDNNA values, and 
LF/HF ratios of the human subjects before and after requesting the PCD. These parameters are 
linked to the autonomic nervous system that controls the autonomous thermoregulation of the 
human body [136]. Understanding the relationship between each of these variables and the 
thermoregulatory system of the human body could automate the individual assessment of thermal 













relationship between each of these parameters and human subject comfort level responses is 
presented in this section. 
Figure 6-14 (a-c) shows the relationship between skin temperature, SDNNA values, and LF/HF 
ratios with comfort level. This study proposes a linear relationship between each variable and 
thermal comfort. The results indicate an average R2 value of 0.75, 0.69, and 0.68 for skin 
temperature, SDNNA values, and LF/HF ratios, respectively, as shown in Figure 6-14 (d). Even 
though the linear trend is consistent among human subjects, there are significant differences in 
their magnitudes. The variability in physiological responses dependents on the individual 
characteristics, such as genetics, lifestyle, age, and weight [137]. For example, the uncomfortable 
combination of parameters, including skin temperature, SDNNA values, and LF/HF ratios for 
ID3_10 was a neutral set of parameters for human subject ID 3_5. Therefore, this study highlights 
importance of the individual assessment of thermal comfort to develop models considering 
individual physiological variables. In general, the results showed that high skin temperatures, low 
SDNNA, and high LF/HF ratio, relative to each human subject, are associated with thermally 
uncomfortable levels. In contrast, low skin temperature, high SDNNA, and low LF/HF ratio 
values are connected to the comfort levels. Therefore, the physiological responses for each human 





Figure 6- 14 Physiological Variables and Thermal Comfort Relationship 
 
6.7 Discussion Section 
The results provided quantitative responses in both the subjective and physiological data due to 
the effect of the PCD on the human body. The subjective responses showed a large variability in 
thermal preferences among human subjects. The physiological responses showed the individual 
capacity of human subjects to cope with the changes in the environmental temperatures. The 
trends in skin temperature, SDNNA values, and LF/HF ratio were the same for the majority of 
the human subjects when transitioning from thermally uncomfortable to comfortable levels. In 
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order to verify the observed results, this study conducted three control group experiments. These 
experiments consisted of providing human subjects with a PCD without its compressor-driven 
cooling capacity; in other words, a PCD that only operated its fan and moved warm room 
temperature air towards the human body. All the other factors of the experiment, such as the 
temperature change, the duration of the experiment, the physiological variables being monitored, 
and the amount of air supplied remained constant.  
6.7.1 Subjective Response for the Control Group 
Similar to the regular experiments each human subject had variable comfort level and requested 
the PCD at different times. Figure 6-15 (a), (b), and (c) shows a histogram of the subjective 
responses at 10 minutes before requesting the PCD, at the moment of requesting the PCD, and 10 
minutes after requesting the device.  As shown on Figure 6-15 (b) when human subjects requested 
the three of them were uncomfortable, and 10 minutes after using the PCD they reported being 
neutral. On the contrary this same human subjects in the regular experiments reported comfortable 
and very comfortable thermal levels when using the PCD. The change in thermal comfort from 
uncomfortable to neutral is due to the convective effect of PCD and the physiological effect that 




































































































(c) Subjective Reponses 10 min After Requesting the PCD 
 
Figure 6- 15 Distribution of Comfort Responses (a) 10 min before, (b) during, and (c)10 min 
After Requesting the PCD 
 
6.7.2 Skin Temperature Response for the Control Group 
 
In the control group experiments, the skin temperature of human subjects increased until the human 
body reached a thermally stable condition with the environment. Then, as soon as the human 
subjects requested the PCD, the air supplied towards the upper body (torso, arms, and face) 
decreased the skin temperature until finding a new thermal balance. Figure 6-16 shows the skin 
temperature response for the experiments in the control group. As shown in the figure, room 
temperature air supplied by the PCD’s fan was able, on average, to reduce the skin temperature 
approximately by 0.7℃ that is a smaller temperature differential than 2oC obtained with full 
cooling capacity. This temperature reduction was a consequence of the convective effects of air 
movement around the human body. The statistical comparison between skin temperatures before 












































including skin temperatures over time and their statistical analysis, suggested that the effect of the 




Figure 6- 16 Controlled-group Skin Temperature over 20 minutes before and after Requesting 
PCD 
  
6.7.3 Heart Rate Variability (Time Domain) for the Control Group 
 
The human subjects in the control group experiment were pooled form the high-individual 
variation of SDNNA group described in the result section. Human subjects in this group were 
selected due to their low tolerance to warm temperatures. Figure 6-17 shows the SDNNA values 
for the human subjects for control group experiments. The SDNNA values showed a decreasing 
trend as human subjects became thermally uncomfortable. After requesting the PCD, the SDNNA 
values slightly increased; however, these values did not increase as much as the values in the 
original experiment, specifically the values for the high-individual variation of SDNNA group. 
This slight increase could be attributed to the convective effect of room air movement around the 
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human body. An ANOVA test between the SDNNA values before and after requesting the PCD 
indicated no significant difference between these two cases. In addition, the human subjects 
reported being thermally neutral or uncomfortable after requesting the PCD.   
 
 
Figure 6- 17 Controlled-group SDNNA over 20 minutes before and after Requesting PCD 
 
6.7.4 Heart Rate Variability (Frequency Domain) for the Control Group 
Similar to the original experiment results, the LF/HF ratio had an increasing trend as human 
subjects became thermally uncomfortable in the environment as shown in Figure 6-18. This 
increasing trend was directly associated with thermoregulatory system of each human body 
adapting to elevated environmental temperatures. After each human subject requested the PCD, 
the LF/HF ratio stabilized, but did not decrease as much as it did decrease in the original 
experiments. This response in HRV was consisted for the three human subjects in the controlled 
group experiments. In addition, the comparison of LF/HF ratio before and after the PCD showed 
no significance difference between the uncomfortable and comfortable thermal levels. This, again, 
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suggest that supplying room temperature air by the means of a fan is not sufficient to cause a 
change in the physiological parameters that are part of the human body thermoregulatory system. 
In addition, the different response in physiological variables between the original and control 
group experiments showed the potential to objectively evaluate individual thermal comfort using 
physiological variables. 
 
Figure 6- 18 Controlled-group LF/HF Ratio over 20 minutes before and after Requesting PCD 
6.7.5 Physiological Changes at Different Thermal Comfort Levels 
 
The human body is always adapting to changes in the environment. When environmental 
conditions change, the human body starts a physiological process, known as thermoregulation 
process, to maintain a stable internal condition [107]. The thermoregulation process is controlled 
by the autonomic nervous system [136]. Multiple studies have linked skin temperature and HRV, 
especially parameters such as SDNNA and LF/HF, to thermoregulation of the human body 
[138][136][131]. Due to the individual characteristics of the human body, the magnitude value of 
physiological responses varies among the human subjects; yet the trends in each variable are 
similar. According to a study, the trend of HRV, specifically LF/HF ratio, is an indicator of the 
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human thermoregulation under different environmental temperatures [107]. This is also true for 
subjective thermal preferences, where human subjects report different thermal comfort and thermal 
sensation levels for the same environmental condition [136]. 
The present results indicated that the magnitude and rate at which the skin temperature changes 
are different for each human subject. Consequently, the time to reach a stable temperature varies 
between 5 to 12 minutes and the air supplied by the PCD on average reduce the skin temperature 
by 2℃. The observed time and magnitude variation in this study is similar to the variations found 
in [107]. However, the aforementioned study used two full size and full equipped environmental 
chambers while our experiment achieved similar skin temperature response using a PCD, a 
significantly less intense technology that the one used to condition entire rooms. The results of this 
experiment indicated that high and low skin temperatures, relative to each human subject, are 
associated with individual thermal preferences. Consequently, the analysis on the correlation 
between skin temperature and thermal comfort level showed a correlation coefficient equal to 0.75. 
These findings suggested that skin temperature could be a potential indicator of thermal comfort 
as a function of environmental changes around the human body, and more importantly showed 
that PCDs have the potential to restore thermal comfort by creating a microenvironment that 
specifically targets the reduction in skin temperature. 
The thermoreceptors in the skin act as temperature sensors and detect changes in the thermal 
environment around the human body. Further, these changes are delivered to the autonomic 
nervous system [138]. The autonomic system establishes the heat transfer between the human body 
and the environment. Due to the difference in autonomic systems and thermal preferences, the 
amount of heat removed from each human body, due to the PCD, varies. This study measured heat 
flux before and after each human subject requested the PCD. While the heat flux before using the 
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PCD averages 14 𝑊𝑎𝑡𝑡𝑠, the heat flux after requesting the PCD averages 24 𝑊𝑎𝑡𝑡𝑠,  as shown in 
Figure 6-19. These results show the important role of the cooling capacity of the PCD device in 
creating a microenvironment that enhances the heat removal from the human body by a 
temperature differential and not only by the increase in convective heat transfer coefficient. 
 
Figure 6- 19 Heat Flux Before and After PCD 
 
The decrease of SDNNA values is due to a low ability of the human body to cope with emotional 
stressors. In contrast, the increase of SDNNA values is associated with relax/stress-free mode in 
the human body [134][139]. In our study, the SDNNA values consistently decreased until each 
human subject requested the PCD and increased as the PCD supplied cooled air. The magnitude 
and rate at which SDNNA values increased and decreased varied among human subject. Similarly, 
the time at which each human subject requested the PCD varied. These variations are due to the 
individual thermoregulation process of each human subject. According to SDNNA results, human 
subjects were grouped based on a high and low SDNNA values, as shown in Figure 11 (b). The 
low SDNNA group showed limited changes in the SDNNA values during the experiment and were 
able to delay requesting the PCD longer that the high SDNNA group. This could be associated 




























with individual thermal adaptation where the temperature range in the experiments was not 
sufficient to impact the SDNNA values. In contrast, the human subject group with high SDNNA 
values noticed the hot temperature and did not delay their request of the PCD, suggesting lower 
tolerance for warm/hot temperatures. Nevertheless, booth groups showed a decreasing SDNNA 
trend during thermally uncomfortable levels and increasing SDNNA trend during comfortable 
levels. As a result, the individual analysis of the relationship between thermal comfort and SDNNA 
values showed correlation level, on average, of 0.68. This finding suggests that a constant 
monitoring of induvial SDNNA values could provide useful information on individual thermal 
comfort. In addition, the microenvironment effect of the PCD in this experiment had positively 
impacted the subjective (surveys) and objective (SDNNA) values.  
The frequency domain HRV analysis, specifically the LF/HF index, is associated with the balance 
between the parasympathetic nervous system (PNS) and the sympathetic nervous system (SNS). 
The parasympathetic nervous system (SNS) is related to the digest/rest activities that restore 
balance to the human body. In contrast, as the human body perceives changes or is exposed to 
stressful situation (physical or mental), it activates the SNS [138]. In our study results, the high 
LF/HF ratio indicates the activation of SNS in response of the heat stress perceived in the 
environment. The most common responses during the SNS in hot environments is the vasodilation 
to induced sweat to cool the skin and enhance heat losses. However, in our experiments, human 
subject did not show any signs of sweat since as soon as they reported uncomfortable conditions, 
they requested the PCD. As the PCD cools down the air around the human body, each human 
subject reported better thermal comfort values, and, consequently, the LF/HF ratio decreased, 
indicating that the PSN was engaged [107][136]. Based on the LF/HR results, two groups were 
identified by this research. The first group showed a low LF/HF ratio with very stable values over 
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the time frame of the experiments. In contrast, the second group had larger LF/HF, including a 
more dynamic response of LF/HF ratio values. The human subject in the first group tolerated 
longer the elevated temperatures before requesting the PCD. This suggest higher thermal tolerance 
to hot environments. Nonetheless, as human subjects in the first group requested the PCD, the 
decrease in LF/HF ratio was evident. The LF/HF ratio suggested that constant monitoring of 
LF/HF could provide useful insight towards the evaluation of individual thermal comfort. Our 
results showed a relationship between LF/HF and thermal comfort level with a correlation level, 
on average, equal to 0.67. These results indicate the potential implementation of LF/HF as an index 
for thermal comfort. 
6.8 Summary 
This study investigated individual thermal comfort by simultaneously using survey, 
environmental, and physiological data instruments to understand impact of microenvironments 
created by Personalized Cooling Devices (PCDs) on human body. The experimental setup, in an 
environmental chamber, created an office-type space and controlled the air temperatures in a range 
between 27 ± 1℃ during the first hour and 29 ± 1℃ during the second hour of the experiment. 
The analysis demonstrates that PCD’s microenvironments have an immediate physiological and 
subjective effect on the thermal comfort levels. The response time, on average, for both skin 
temperatures and heart rate variability is 7 ± 2 minutes. Furthermore, the effect of the PCD’s 
microenvironment conditions on the human body could be objectively quantify by monitoring 
physiological changes that drive the thermoregulation process in the human body. A significant 
relationship between measured skin temperatures and heart rate variability has been observed in 
the experiments. In contrast, the results showed no statistical relationship between heart rate and 
thermal comfort for studied human subjects. For these specific experimental conditions, the PCD 
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has the capability to reduce the skin temperature on average by 2°C and to decrease heart rate on 
average by10 bpm. This reduction in thermal stress is due to the removal of  24 ± 6 𝑊𝑎𝑡𝑡𝑠 from 
the human body via PCD cooling. The PCD enhances the human body heat dissipation which 
relaxes the autonomic nervous system; consequently, changing the LF/HF ratio, SDNNA values, 
and skin temperature. These physiological variables show significant differences when comparing 
their values before and after the PCD was introduced to the experiment. Since the PCD is the only 
external factor that was introduced into the experiment, the physiological changes were attributed 
to it. Therefore, the relationships established in this study between skin temperature and heart rate 
variability could be used to objectively evaluate the performance and interaction of different PCDs 
and human subjects. 
Chapter 7 
Conclusions, and Recommendations for Future Studies 
Section 7.1 presents the key findings from this dissertation. Finally, the recommendation and 
future work are in section 7.2. 
7.1 Conclusions 
The analysis of the energy effect of PCD at the building level shows an increase in HVAC fan 
electrical energy consumption in the office building model. This increase in electrical energy is 
due to the extra load that the HVAC system experience when increasing the indoor setpoint during 
the peak hours of the day and decreasing the setpoint after the peak hour of the day. This HVAC 
fan effect is present in office buildings constructed pre-1980. On the other hand, in office buildings 
constructed post 2004 the HVAC fan electricity consumption show some savings. However, these 
savings are negligible at the building’s overall energy balance since the HVAC fan energy load is 
only 4% of the total energy consumption of the building. Similarly, for midrise apartment building 
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pre-1980 and post-2004 the results show potential savings in HVAC fan electricity consumption, 
but they are negligible at the building overall energy balance due to the low contribution of the 
HVAC fan energy load. Therefore, in order to evaluate the total effect of introducing PCD to the 
building environment it is necessary to evaluate all the end-use energy available in the building.  
 
The results of study show that increasing the temperature setpoint by 2.6℃ during the peak hours 
of the day in the summer season could lead to energy savings between 10% to 70%, depending on 
the city. In addition, the results show costs savings associated with electricity. Midrise apartment 
buildings present the highest cost savings annually with $130 per person for the city of Honolulu. 
These cost savings are the consequence of increasing the temperature setpoints during the 
electricity peak hours of the day when the electricity cost is highest while using PCDs to address 
thermal comfort of occupants. These cost savings are cities’ dependent. This study proposes a 
method to identified potential cities that could benefit from adopting PCD technology based on 
cooling degree days and electricity rate. Cities with cooling degree days higher than 300 and the 
ratio of peak versus off-peak electricity price of 0.5 or higher, have the potential to show energy 
and cost savings. Overall the adoption of PCD has the potential decrease the cooling energy in the 
building while adding monetary savings due to electricity cost. The overall cost savings show a 
potential opportunity for the marketing of PCD technology in cities that have high cooling degree 
days and a significant difference between peak electricity price and off-peak electricity price.   
The coupled simulations of CFD and Fanger’s thermoregulation model is a useful tool to simulate 
the micro-environment of a human model using PCD. The results of the numerical simulations 
indicate that it is possible to remove approximately 23 Watts of sensible heat from the human body 
using an air nozzle of diameter equal to 8.0 cm, an airflow rate equal to 35 L/s (75 cfm), and 100 
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Watts cooling capacity. In addition, the results show a linear relationship between airflow rate and 
sensible heat removed from the human body. Airflow rates higher than 75 cfm more than 25 Watts 
of heat is removed from the human body. This indicates that the device is performing as intended 
and meets the required heat removal from the project specifications. In addition, the PPD 
calculations show a 26% dissatisfaction for seated model and a 5% dissatisfaction for standing 
model, which is under required PPD of 20% set by industry standards (ASHRAE) and the 
sponsoring agency Department of Energy (DOE). The results also indicate that PCD creates an 
uncomfortable environment for the seated model and a comfortable environment for the standing 
model. This discrepancy is associated with the amount of hear that the human body is set to 
generate under the two conditions, where the standing model generates more heat than the seated 
model. This specific result allows the study to propose higher operative room temperatures since 
the indoor temperature in this study is within the comfort zone defined by ASHRAE55.  The results 
of this investigation show that it is possible to numerically evaluate thermal comfort as a function 
of airflow rate of PCD, amount of sensible heat removed from the human body, and cooling 
capacity of the PCD. However, numerical simulations cannot model physiological or 
psychological processes that are essential for individual thermal preferences. Therefore, 
experimental test that monitor human body key thermoregulation variables are necessary to 
evaluate the performance of the PCD. 
This study assessed individual thermal comfort by simultaneously using survey, environmental, 
and physiological data instruments in microenvironments created by Personalized Cooling Device 
PCDs. The experimental setup, in an environmental chamber, created an office-type space and 
controlled the air temperature in a range between 27 ± 1℃ and 29 ± 1℃ for two hours. The 
analysis demonstrates that PCD’s microenvironments have an immediate physiological and 
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subjective effect on the thermal comfort level. The response time, on average, of skin temperature 
and heart rate variability is 7 ± 2 minutes. Furthermore, the effect of the PCD’s micro-
environment condition on the human body could be objectively quantify by monitoring 
physiological changes that drive the thermoregulation process in the human body. A significant 
relationship between skin temperature and heart rate variability has been established by this study 
and it is supported by other researchers. Based on these variables, this study reports that the PCD 
has the capability to reduce the skin temperature of human subjects approximately 2°C by helping 
the human body to remove 24 ± 6 𝑊𝑎𝑡𝑡𝑠. The PCD enhances the human body heat dissipation 
which relaxes the autonomic nervous system; consequently, changing the LF/HF ratio, SDNNA 
values, and skin temperature. These physiological variables show significant differences when 
comparing their values before and after the PCD was introduced to the experiment. Since the PCD 
is the only external factor that was introduced to the experiment, the physiological changes were 
attributed to it. This suggest that the relationships established in this study between skin 
temperature and heart rate variability to objectively evaluate the performance and interaction of 
different PCDs and human subjects. 
This dissertation analysis the effect of PCD at the building and at the human level. The PCD 
technology shows potential for cooling energy savings and maintaining thermal comfort at warm 
indoor environmental conditions. In addition, this dissertation demonstrates that the PCD in this 
investigation has an effect on the physiological variables that control the human body 
thermoregulation systems. This suggest that PCD technology could be evaluated based on 
physiological variables. In addition, PCD technology could be adopted in indoor environments 
with limited access to HVAC systems or in places were thermal comfort is an important factor. 
Lastly, this dissertation demonstrates that occupants’ thermal comfort could be assess by 
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monitoring physiological changes with the current sensor technology available in the marker in a 
data-driven approach.  
7.2 Recommendation and future work 
The data-driven approach for thermal comfort demonstrated in this study is the initial point to 
enable the evaluation of thermal comfort of human subjects when using PCDs. This dissertation 
was limited by the number of human subjects due to budget and time. Therefore, more human 
subject tests could potentially strengthen the relationship between thermal comfort and 
physiological variables.  
Future studies should concentrate in human subject experiments and the deployment of the data-
driven approach evaluation of thermal comfort. In these experiments, the researchers should 
consider evaluating the effect of PCD in a non-laboratory space to capture a more realistic 
interaction of human subjects and PCD. In addition, evaluating the interaction of PCD and human 
subject in a real scenario such as commercial or residential buildings will add uncertainty to the 
relationship found in this study, which could verify the strength of the relationship. Additionally, 
this dissertation recommends exploring the relationship between thermal comfort and productivity 
level when using PCD in warm environments. The complication and extra disturbances need to be 
considered and limited in the design of experiments stage to ensure a successful deployment and 
meaningful data collection.  
Finally, a full deployment of PCD into commercial or residential buildings could lead to the 
validation of the overall energy analysis presented in this dissertation. However, this dissertation 
highly recommends using a market available PCD instead of a prototype version when conducting 
such a deployment. Using the actual device will enhance the user experience which is a key aspect 
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